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Abstract 
Advances in MOS technology allow VLSI circuits to operate at higher and higher 
speeds. As a result, VLSI interconnects become lossy transmission lines and the 
propagated signal will be reflected at the microstrip discontinuities such as bends 
and junctions. A good CAD package should include accurate models of discon-
tinuities so that VLSI designers can take into account of these high frequency 
effects during the design stage, and equivalent circuits for these microstrip dis-
continuities must be developed. To find the equivalent circuits, our approach 
is firstly to obtain the scattering parameters of the microstrip discontinuities. 
Then the scattering parameters of the proposed equivalent circuits, which are in 
terms of the model parameters, are calculated. Finally, the model parameters 
are determined by optimization. 
In this thesis, several wideband equivalent circuits are proposed to model the 
right-angle bend, T-junction, and tapered line. The equivalent circuits consist 
of segments of transmission lines and lumped circuit elements. Both TEM and 
non-TEM lines are used in the models. It is found that the non-TEM models 
are the best to model the microstrip discontinuities but the TEM models are 
also adequate in the modelling of the 90° bend and T-junction. The percentage 
errors of the equivalent circuits are shown to be less than or equal to 10% which 
is tolerable in the engineering sense. So the TEM models can be used in the CAD 
software such as SPICE and no FFT or convolution is required in the simulation 





List of Tables vii 
List of Figures xii 
1 Introduction 1 
2 Approach to Find the Equivalent Models 5 
2.1 Scattering Parameters of the Microstrip Structure 5 
2.2 Optimization Process . . • 7 
2.3 Summary 8 
3 Microstrip Discontinuities Being Modelled 9 
3.1 Right-Angled Bend ’ • . ， . • • . . 9 
3.2 T-Junction . . 10 
3.3 Tapered Line 10 
4 Deficiency of Lumped Equivalent Circuits 13 
4.1 Scattering Parameter of the T-Network 13 
4.2 Optimization Result for the T-Network 14 
4.3 Summary 15 
iv 
5 Proposed Wideband Equivalent Circuits 17 
5.1 Model of a Uniform Non-Homogeneous Microstrip Line . . . . . 17 
5.2 Right-Angled Bend • • 22 
5.2.1 Circuit 1L ’ . . . . . 24 
5.2.2 Circuit 2L 25 
5.2.3 Circuit 3L 26 
5.2.4 Circuit 4L 27 
5.3 T-Junction 28 
5.3.1 Circuit IT 28 
5.3.2 Circuit 2T 31 
5.3.3 Circuit 3T - 31 
5.3.4 Circuit 4T • • • • • • . . 34 
5.4 Tapered Line 36 
5.4.1 Circuit It - n = 3 37 
5.5 Summary . • 38 
6 Performance of the Equivalent Circuits 39 
6.1 Right-Angled Bend 40 
6.1.1 Without Conductor Loss 40 
6.1.2 With Conductor Loss . 48 
6.2 T-Junction . . 49 
6.2.1 Without Conductor Loss 53 
6.2.2 With Conductor Loss 63 
6.3 Tapered Line 69 
6.3.1 Without Conductor Loss . 69 
6.3.2 With Conductor Loss 72 
6.4 Summary 73 
7 Modelling Performance Using TEM Approximation 77 
v 
7.1 Right-Angled Bend 77 
7.1.1 Without Conductor Loss 78 
7.1.2 With Conductor Loss 87 
7.2 T-Junction 92 
7.2.1 Without Conductor Loss 92 
7.2.2 With Conductor Loss 104 
7.3 Tapered Line 115 
7.3.1 Without Conductor Loss 116 
7.3.2 With Conductor Loss 117 
7.4 Summary . . • 117 
8 Conclusion 120 
Bibliography 123 
vi 
List of Tables 
4.1 Relative error between the simulated and calculated scattering param-
eters, —=0.6 (lossless metal strip) 15 
6.1 Parameter values of the equivalent circuit 1L (lossless metal strip) • 42 
6.2 Parameter values of the equivalent circuit 2L (lossless metal strip) • 42 
6.3 Parameter values of the equivalent circuit 3L (lossless metal strip) . 43 
6.4 Parameter values of the equivalent circuit 4L (lossless metal strip) . 43 
6.5 Relative error between the simulated and calculated scattering param-
eters, 合=0.2 (lossless metal strip) 43 
6.6 Relative error between the simulated and calculated scattering param-
eters, 念=0.4 (lossless metal strip) 43 
6.7 Relative error between the simulated and calculated scattering param-
eters, 念=0.6 (lossless metal strip) 43 
6.8 Relative error between the simulated and calculated scattering param-
eters, 念—0.8 (lossless metal strip) . • 48 
6.9 Relative error between the simulated and calculated scattering param-
eters, —=1.0 (lossless metal strip) 48 
6.10 Parameter values of the equivalent circuits for the lossy metal strip 
right-angled bend 53 
6.11 Relative error between the simulated and calculated scattering param-
eters, •二 1.0 (lossy metal strip) 53 
6.12 Parameter values for equivalent circuit 2T (lossless metal strip) . . . 55 
vii 
6.13 Parameter values for equivalent circuit 3T (lossless metal strip) . . . 55 
6.14 Parameter values for equivalent circuit 4T (lossless metal strip) . . . 55 
6.15 Relative error between the simulated and calculated scattering param-
eters, —=0.2 (lossless metal strip) 55 
6.16 Relative error between the simulated and calculated scattering param-
eters, = 0.4 (lossless metal strip) 56 
6.17 Relative error between the simulated and calculated scattering param-
eters, —=0.6 (lossless metal strip) 56 
6.18 Relative error between the simulated and calculated scattering param-
eters, 去 二 0.8 (lossless metal strip) 56 
6.19 Relative error between the simulated and calculated scattering param-
eters, —=1.0 (lossless metal strip) 56 
6.20 Relative error between the simulated and calculated scattering param-
eters, —=1.0 (lossy metal strip) * 64 
6.21 Parameter values of equivalent circuit for the lossy metal strip T-junction 64 
6.22 Parameter values of the equivalent circuit It (lossless metal strip), 
W-2-Wy = 0.2 . . . 70 
6.23 Relative error between the simulated and calculated scattering param-
eters (lossless metal strip) 70 
6.24 Relative error of the scattering parameters with different number of 
microstrip lines used, (lossless metal strip) 72 
6.25 Relative error between the simulated and calculated scattering param-
eters (lossless metal strip) 73 
6.26 Relative error of the scattering parameters with different number of 
microstrip lines used, (lossy metal strip) 76 
7.1 LGC values of the equivalent circuit 1L by using the non-TEM mi-
crostrip line model • 78 
viii 
7.2 Parameter values of the equivalent circuit 1L (lossless metal strip and 
G being considered) 79 
7.3 Parameter values of the equivalent circuit 1L (lossless metal strip and 
G not being considered) 79 
7.4 Percentage error between the simulated and calculated scattering pa-
rameters from circuit 1L, (lossless metal strip) 80 
7.5 LGC values of the equivalent circuit 2L by using the non-TEM mi-
crostrip line model … • . 82 
7.6 Parameter values of the equivalent circuit 2L (lossless metal strip and 
G being considered) . • • • . . . o2 
7.7 Parameter values of the equivalent circuit 2L (lossless metal strip and 
G not being considered) . - 82 
7.8 Percentage error between the simulated and calculated scattering pa-
rameters from circuit 2L, (lossless metal strip) 83 
7.9 Parameter values of the equivalent circuit 3L (lossless metal strip and 
G being considered) . • • • . . 85 
7.10 Parameter values of the equivalent circuit 3L (lossless metal strip and 
G not being considered) 85 
7.11 Parameter values of the equivalent circuit 4L (lossless metal strip and 
G being considered) 86 
7.12 Parameter values of the equivalent circuit 4L (lossless metal strip and 
G not being considered) 86 
7.13 Parameter values of the equivalent circuit 1L (lossy metal strip) . . . 87 
7.14 Percentage error between the simulated and calculated scattering pa-
rameters from circuit 1L, (lossy metal strip) 88 
7.15 Parameter values of the equivalent circuit 2L (lossy metal strip) . . . 90 
7.16 Percentage error between the simulated and calculated scattering pa-
rameters from circuit 2L, (lossy metal strip) 90 
ix 
7.17 Parameter values of the equivalent circuit 3L (lossy metal strip) . . . 92 
7.18 Parameter values of the equivalent circuit 4L (lossy metal strip) . . . 93 
7.19 LGC values of the equivalent circuit 2T by using the non-TEM mi-
crostrip line model 93 
7.20 Parameter values of the equivalent circuit 2T (lossless metal strip and 
G being considered) 94 
7.21 Parameter values of the equivalent circuit 2T (lossless metal strip and 
G not being considered) 94 
7.22 Percentage error between the simulated and calculated scattering pa-
rameters from circuit 2T, (lossless metal strip) 95 
7.23 LGC values of the equivalent circuit 3T by using the non-TEM mi-
crostrip line model 95 
7.24 Parameter values of the equivalent circuit 3T (lossless metal strip and 
G being considered) 98 
7.25 Parameter values of the equivalent circuit 3T (lossless metal strip and 
G not being considered) 99 
7.26 Percentage error between the simulated and calculated scattering pa-
rameters from circuit 3T, (lossless metal strip) 99 
7.27 LGC values of the equivalent circuit 4T by using the non-TEM mi-
crostrip line model 100 
7.28 Parameter values of the equivalent circuit 4T (lossless metal strip and 
G being considered) 100 
7.29 Parameter values of the equivalent circuit 4T (lossless metal strip and 
G not being considered) 103 
7.30 Percentage error between the simulated and calculated scattering pa-
rameters from circuit 4T, (lossless metal strip) • • 103 
7.31 Parameter values of the equivalent circuit IT (lossy metal strip) . . 104 
x 
7.32 Percentage error between the simulated and calculated scattering pa-
rameters from circuit IT, (lossy metal strip) 107 
7.33 Parameter values of the equivalent circuit 2T (lossy metal strip) . . 110 
7.34 Percentage error between the simulated and calculated scattering pa-
rameters from circuit 2T, (lossy metal strip) 110 
7.35 Parameter values of the equivalent circuit 3T (lossy metal strip) . , 115 
7.36 Percentage error between the simulated and calculated scattering pa-
rameters from circuit 3T, (lossy metal strip) 115 
7.37 Parameter values of the equivalent circuit 4T (lossy metal strip) . . 116 
7.38 LGC values of the equivalent circuit It by using the non-TEM mi-
crostrip line model 116 
7.39 Parameter values of the equivalent circuit It (lossless metal strip) , • 116 
7.40 Percentage error between the simulated and calculated scattering pa-
rameters (lossless metal strip) 117 
7.41 Parameter values of the equivalent circuit It (lossy metal strip) • • • 119 
xi 
List of Figures 
3.1 The geometry of the right-angle bend to be investigated, 10 
3.2 The geometry of the T-junction to be investigated. 11 
3.3 The geometry of the Tapered Line to be investigated 11 
4.1 A T-network • • • • • • 14 
4.2 Difference of S parameters between 90° bend and T-network 16 
5.1 The geometry of an interconnect line 18 
5.2 The equivalent circuit model per unit length of a uniform non-homogeneous 
interconnect. * 18 
5.3 Proposed equivalent circuits to model right-angled bend 23 
5.4 Proposed equivalent circuits for T-junction. 29 
5.5 Proposed equivalent circuit for tapered line 36 
6.1 S parameters difference between simulation and circuit 1L (lossless 
metal strip),吾二 0.6 . • . . 44 
6.2 S parameters difference between simulation and circuit 2L (lossless 
metal strip),念二 0.6 45 
6.3 S parameters difference between simulation and circuit 3L (lossless 
metal strip),念 二 0.6 • . . . . . . 46 
6.4 S parameters difference between simulation and circuit 4L (lossless 
metal strip),吾二 0.6 • • . 47 
xii 
6.5 S parameters difference between simulation and circuit 2L (lossy metal 
strip), ^ = 1.0. . • • . 50 
6.6 S parameters difference between simulation and circuit 3L (lossy metal 
strip), ^ = 1.0 • • • • . . . 51 
6.7 S parameters difference between simulation and circuit 4L (lossy metal 
strip),告=1.0 52 
6.8 S parameters difference between simulation and circuit 2T (lossless 
metal strip), ^ = 0.6 58 
6.9 S parameters difference between simulation and circuit 3T (lossless 
metal strip),念 二 0.6 60 
6.10 S parameters difference between simulation and circuit 4T (lossless 
metal strip),吾 二 0.6 62 
6.11 S parameters difference between simulation and circuit 2T (lossy metal 
strip),告二 1.0 66 
6.12 S parameters difference between simulation and circuit IT (lossy metal 
strip),告=1.0 … _ 
6.13 S parameters difference between simulation and circuit It (lossless 
metal strip) 71 
6.14 S parameters difference between simulation and circuit It (lossy metal 
strip) 74 
6.15 S parameters difference between simulation and circuit 2t (lossy metal 
strip) , . . . 75 
7.1 S parameters difference between simulation and circuit 1L (lossless 
metal strip) , . . . . , . . . . . . . « . • • 81 
7.2 S parameters difference between simulation and circuit 2L (lossless 
metal strip) 84 
7.3 S parameters difference between simulation and circuit 1L (lossy metal 
strip), ^ = 1.0 89 
xiii 
7.4 S parameters difference between simulation and circuit 2L (lossy metal 
strip), ^ = 1.0 91 
7.5 S parameters difference between simulation and circuit 2T (lossless 
metal strip), ^ = 0.6 97 
7.6 S parameters difference between simulation and circuit 3T (lossless 
metal strip), ^ = 0.6 102 
7.7 S parameters difference between simulation and circuit 4T, (lossless 
metal strip),念=0.6 . 106 
7.8 S parameters difference between simulation and circuit IT (lossy metal 
strip), ^ = 1.0 109 
7.9 S parameters difference between simulation and circuit 2T (lossy metal 
strip),念=1,0 . 112 
7.10 S parameters difference between simulation and circuit 3T (lossy metal 
strip), 1.0 1 1 4 
7.11 S parameters difference between simulation and circuit It (lossless 




Due to advances in VLSI technology in recent years, more and more circuitry 
can be fabricated on a single wafer. To increase the packing density, both at 
the chip and package level, the cross section of the interconnects is reduced and 
they are packed closer together. At the same time the propagated signals switch 
from one value to another with faster rise time. For these reasons，VLSI circuit 
design can no longer be done by simply applying static digital logic theory as in 
the design of digital circuits at the SSI level with slow clock rate. 
As the wiring cross section is being reduced, the dimension of the intercon-
nects becomes comparable to the wavelengths of the propagated signal, and the 
interconnects can no longer be regarded as simple metal wires. They must be 
treated as transmission lines and should be analyzed by applying microwave 
techniques. These lines are dispersive and lossy and are usually character-
ized by frequency dependent parameters. Several electromagnetic phenomena, 
such as pulse dispersion, skin effects, crosstalks and the presence of discontinu-
ities in transmission lines, that are insignificant in previous VLSI design should 
now be modelled and included in CAD packages in order to be good design 
tools. One area of interest is to develop frequency dependent equivalent cir-
cuits for junctions of interconnects. In VLSI circuits, interconnect junctions 
include bends, T-junctions, and crossings, A lot of work has been done to 
find the equivalent inductance and/or capacitance of right-angle bends, mitered 
1 
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bends with arbitrary angle, T-junctions, and crossings. Benedek and Silvester 
calculated the equivalent capacitances for right-angle bends, T-junctions, and 
crossings [SB73]. This was also done by Farrar and Adams using another ap-
proach [FA72]. Gopinath, Neale，Easter, and Thomson [GE74, TG75, NG78] 
extended the analysis to the equivalent inductance. Anders and Arndt used mo-
ment method to find the equivalent capacitances and inductances for asymmet-
ric right-angle bends [AA80]. Recently, interest is focused in finding equivalent 
circuits for multiconductor microstrip bend discontinuities [HM93]. 
The basic idea of the previous work is to investigate the field behaviour inside 
the microstrip structure by using some numerical techniques such as moment 
method. The circuit elements of the equivalent circuit are then calculated to 
obtain the scattering parameters. All of the above approaches are to find the 
equivalent lumped circuit elements of the microstrip discontinuities. However, 
with today's high speed picosecond rise time signal in VLSI circuit design, the 
lumped equivalent circuits are no longer accurate enough to model the microstrip 
discontinuities [JY92]. This is demonstrated in Chapter 4. Distributed elements 
such as uniform microstrip lines have to be incorporated into the model for it to 
be accurate at frequencies above 20GHz (in order to support the picosecond rise 
time signal). This CAD model can then be included in any circuit simulation 
package so that the package is able to describe the high frequency behaviour of 
the microstrip discontinuities as accurate as possible. 
In VLSI design, the time domain response of a circuit is desired. Strictly 
speaking, if the scattering parameters of a 2-port network are known, one can 
compute the time response by FFT or similar techniques. However, if it is 
possible to model a junction by sections of transmission lines plus possibly a 
few lumped elements, then circuit simulation may proceed directly in the time 
domain using such standard simulator as SPICE. For this purpose, we investi-
gate how best to represent a junction by a network of transmission lines and 
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lumped elements. Our approach is to first compute the scattering parameters of 
a junction using a software called High Frequency Structure Simulator (HFSS) 
[Hew92]. Then an equivalent circuit is postulated and its parameters are found 
by optimization. This approach can also be applied if the measured values of 
the scattering parameters are available. It will be shown later that the equiv-
alent circuits consisting of TEM lines and lumped circuit element are able to 
model the right-angled bend and T-junction. This implies that their transient 
responses can be obtained entirely in the time domain by using SPICE because 
SPICE can only accept constant RLGC values. In this way, there is no need to 
do FFT and inverse FFT or convolution when finding the transient response. 
This thesis consists of eight chapters. In Chapter 2, the method which is 
used to find the wideband equivalent circuits is discussed. To use this method, 
scattering parameters which correctly characterize the microstrip discontinuities 
must firstly be obtained. Scattering parameters are well suited for the character-
ization and the modelling of linear high-frequency devices. So, in this research 
project, they are obtained by the HFSS software. In this software, finite ele-
ment method is used to solve the Maxwell's equations of the microstrip structure 
with suitable boundary conditions. The scattering parameters are then calcu-
lated from the field solutions. The detailed description of the finite element 
method can be found in [Jac89, Jin93]. 
Three types of microstrip discontinuities are analyzed: right-angled bend 
(90° bend), T-junction, and tapered line. Since the aim of this research project 
is to show that equivalent circuits with distributed elements are superior in 
modelling the microstrip discontinuities to the lumped equivalent circuits, only 
one type of substrate and metal strip material is employed. The substrate used 
is a lossy alumina with relative permittivity 9.8 and electric loss tangent 0.0003. 
The metal strip is first assumed to be perfect conductor and then be aluminium 
(electrical conductivity is 3.5 x 107 S/m) later with skin effects included. 
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In Chapter 3，the geometry of the three microstrip discontinuities will be 
firstly described. Then, in Chapter 4, a known lumped equivalent circuit called 
T-network is used to illustrate that it cannot model the microstrip bend with 
the frequency range beyond 20GHz. Several new equivalent circuits are then 
proposed in Chapter 5 for the three types of microstrip discontinuities being 
analyzed. The modelling performance is recorded in Chapter 6. In this chapter, 
the new equivalent circuits are called non-TEM wideband equivalent circuits 
because the microstrip lines in those equivalent circuits are non-TEM dispersive 
and lossy model. The transmission parameters, RLGC, are frequency depen-
dent. In Chpater 7, we use TEM transmission lines instead of the non-TEM 
ones in those proposed equivalent circuits to test whether they can also be used 
to model the microstrip discontinuities. In fact, we find models consisting of 
TEM lines and lumped circuit element for the right-angled bend and T-junction 
are quite adequate. Finally, a conclusion is made in Chapter 8. 
Chapter 2 
Approach to Find the Equivalent 
Models 
In this Chapter, the method used to find the circuit elements of the equivalent 
circuits are described in detail. It is actually a numerical optimization method 
which minimizes the difference between two sets of scattering parameters of the 
microstrip structure, one obtained from the HFSS software [Hew92] and one 
calculated from the equivalent circuits. 
2.1 Scattering Parameters of the Microstrip Structure 
The scattering parameters associated with a microstrip discontinuity (90° bend, 
T-junction, and tapered line) are obtained from the software called High Fre-
quency Structure Simulator (HFSS) [Hew92]. Since the interface between any 
object and the background1 is assumed to be a thin perfect conductor surface, 
sufficient distance of the side walls, except the surfaces to be defined as ports, 
from the microstrip is needed in order to avoid the sidewall field effects2. Be-
sides, the air layer should also be thick enough for the same reason (to avoid the 
field effect from the top surface). 
iThe background is the region that surrounds the geometric model and fills any space not 
occupied by an object. No material characteristics are assigned to the background. 
2Sidewalls may become important if the operating frequency is near a resonant frequency 
of the enclosure. All parts of the circuit will couple to one another through the resonant mode 
when the circuit is operated near these frequencies. 
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The material alumina is used as substrate. Its dielectric constant is 9.8 and 
the electric loss tangent is 0.0003. On the other hand, both perfect conductor 
and aluminium are used as metal strip in the analysis. 
To calculate the scattering parameters of the microstrip structure, HFSS 
does the followings: 
• divides the microstrip structure into a finite element mesh. 
• assumes that each port of the structure is excited with a wave travelling 
along a uniform wave-guiding structure or shielded transmission line that 
has the same cross section as the port* 
• computes the full electromagnetic field pattern (mode) inside the structure 
resulting from the excitation waves. 
• computes the generalized scattering matrix (S-matrices) from the amount 
of reflection and transmission that occurs. 
To find a suitable size of finite element mesh which can accurately describe 
the electromagnetic field inside the microstrip structure, HFSS first does an 
adaptive analysis at a particular frequency (usually the median of a range of 
frequencies is used). After that, it uses that finite element mesh size to calcu-
late the scattering parameters at other frequency points. The frequency range 
covered is up to 25GHz* 
The scattering parameters obtained from the HFSS software3 are normalized 
by the natural port impedances4, so they are called generalized scattering pa-
rameters according to the definition given in [Hew92]. This definition is slightly 
different from that given in [Med92], which states that generalized scattering 
parameters are the scattering parameters referenced to arbitrary terminations 
3They will be called simulated scattering parameters later in separation from those calcu-
lated from the equivalent circuits, which are called calculated scattering parameters. 
4Impedance values represent the characteristic impedance of a transmission structure hav-
ing the same cross section as the port. 
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at each port. However, we will use the definition given in [Hew92] as our gen-
eralized scattering parameters. To renormalize them to a fixed impedance such 
as 50 ohms, the following formulae are used [Hew92]: 
Z 二 v ^ ( I + S)(I — S ) - 1 ^ ^ (2.1) 
So 二 —Z…(Z + Z n ” v ^ (2.2) 
where 
• Z is a unique impedance matrix associated with the structure 
• S is the n x n generalized 5-matrix 
• y/Zi^ is a diagonal matrix having the square root of the characteristic 
impedance of each port as a diagonal value 
• Sfi is the renormalized S-matrix 
眷 Zo and Yfi are diagonal matrices with the desired impedance and admit-
tance as diagonal values 
2.2 Optimization Process 
After finding the scattering parameters of the microstrip structure by the HFSS 
software, they are fitted by the calculated scattering parameters. This opti-
mization process is done by calling the leasqr.m function of Mat lab which is 
available from the Mathworks ftp site. Levenberg-Marquardt non-linear least 
squares optimization algorithm [Mar63] is employed. The cost function which 
is to be minimized is defined as: 
/ V � 1 • • � ( � - 2 /o ox 
— x ^ l g ? " " " " ^ ( ) 
where 
• is the number of frequency points 
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• Sij(ju^) is the scattering parameters of the microstrip structure 
•《 (知，X) is the scattering parameters of the equivalent circuits 
• X is a vector of parameters to be tuned so that err(X) is minimized 
or 
( j “ l i s 浦 1 ) 
where 
• S(jcj) is a vector of the scattering parameters of the microstrip structure 
• S n O , X) is a vector of the scattering parameters of the equivalent circuits 
• || v I] is the 2-norm of a vector v 
In this research, Eq. 2.4 will be used because it avoids the possibility of dividing 
by zero or by a small number. 
2.3 Summary 
The approach to find the wideband equivalent circuits for the microstrip discon-
tinuities can be summarized in the following steps: 
• obtains the simulated scattering parameters from the HFSS software; 
• minimizes the value of the cost function (Eq. 2.4) by using the Levenberg-
Marquardt non-linear least square algorithm. 
Chapter 3 
Microstrip Discontinuities Being 
Model led 
In VLSI circuits, the interconnection network is composed of interconnects (mi-
crostrip lines) and junctions, which can be bends，T-junctions, and crossings. 
Right-angled bends and T-junctions are chosen to be analyzed because they 
are rather simple and are important components in the interconnection net-
work. Crossings are not considered because they are 4-port networks and it is 
time-consuming for the HFSS software to calculate the scattering parameters. 
Tapered lines are considered because they are often used as impedance matching 
sections in high-speed chip-packages and multichip modules. 
The geometry and dimension of the three types of microstrip discontinuities 
are shown in this chapter. Their dimensions are so chosen because the val-
ues are comparable to the typical values in the current packaging technologies 
[DKR+90]. The air layer of the microstrip structure is supposed to be 10 times 
the thickness of the substrate to avoid the top-wall field effects. 
3.1 Right-Angled Bend 
When the metal strip is treated as a perfect metal, the width, w, of the mi-
crostrip is 250/im (Fig. 3.1). The thickness of the substrate, h, is in turn 50/im, 
100pm, 150pm, 200/xm, and 250/im so that the ^ ratio is 0.2, 0.4, 0.6, 0.8, 
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Figure 3.1: The geometry of the right-angle bend to be investigated. 
and 1.0 respectively. 100/im width of the metal strip is used when it is treated 
as a lossy metal (aluminium) and only one kind of geometry is analyzed. The 
thickness of the substrate is 100pm and that of the metal strip is 1/im. 
3.2 T-Junction 
The geometry of the T-junction is shown in Fig. 3.2. The width, w, of the 
microstrip is 250pm and the same set of ^ values from the right-angled bend is 
used when the metal strip is a perfect metal. For the case of lossy metal strip, 
only one type of geometry, where the width of the metal strip and the substrate 
thickness are 100//m, is analyzed. The thickness of the metal strip is lfim. 
3.3 Tapered Line 
The layout of the tapered line is shown in Fig. 3.3. The ratio W2~Wl is used 
to measure the slope of a tapered line. In this research project, only one value 
of this ratio of the tapered line is analyzed. It is a 20% tapered line. For this 
Chapter 3 Microstrip Discontinuities Being Modelled ^ 
| Y 
X2 X2' 
j Port 3 j 
X 1 X 1 ' deference 5W 
X 2 X 2 ' Planes Port 1 j 
_LlD3 
XI I 10w ^ 5w ， | y’ XI’ 
, I 
I i~r-
I • - : . ! J—nr 
Figure 3.2: The geometry of the T-junction to be investigated. 
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Figure 3.3: The geometry of the Tapered Line to be investigated. 
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20% tapered line, wx = 10/im, w2 二 100//m, l 二 450/wm, l2 二 100"m, h 二 
lOOjum, and t == 1pm. Both lossless and lossy cases use the same configuration 
(geometry). 
Chapter 4 
Deficiency of Lumped Equivalent 
Circuits 
In this chapter, an example is used to show that the lumped equivalent circuits 
are not capable of modelling the microstrip discontinuities when the frequency 
range is beyond 20GHz for the picosecond rise time signal. The example used is 
the modelling of the right-angled bend by the well-known T-network (Fig. 4.1) 
consisting of two lumped inductors and a capacitor. In [JY92], it shows that the 
T-network can only model the right-angled bend with frequency up to about 
1 to 2 GHz. Empirical expressions for the inductor and capacitor [JY92] are 
used to calculate their values. These expressions were developed by Gupta et 
al [GGC81] which were based on graphical values presented by Silvester et al 
[SB73, SB75] and Thomson et al [TG75]. On the other hand, we will use the 
approach developed in chapter 2 to show the deficiency of lumped equivalent 
circuits in modelling the microstrip discontinuities with picosecond rise time 
signal. 
4.1 Scattering Parameter of the T-Network 
The scattering parameters of the T-network is derived by the usual technique 
and is recorded as follows. 
z 二
 zc (Zl + Zr2) ( 4 1 ) 
Zc Zl Zr2 
13 
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Figure 4.1; A T-network 
Z2 = + (4.2) 
Z 二 ( Z l + Zrl) (4 .3) 
Zc ZL~\~ Zr\ 
Z4 = ZL + Z3 (4.4) 
s _ 2^ - ( 4 . 5 ) 
Z2 + Zri 
—Zx (Zr\ + Zrlsn) \ReZr2 (4 6) 
521 二 (ZL + Zr2) V ReZrl K • 
^4 — /4 7、 
522 = ^ • y 
厶 4 十 厶 r 2 
ZS (Z*2 + ZR2S22J REZRI Y. 
512 = Z4(ZL-hZrl) \j ReZr2 K • 
where 
• ZL= jljL and Zc =点 
• Z* denotes the complex conjugate of a complex number Z 
• Re(Z) denotes the real part of a complex number Z 
• Zrl and Zr2 are the reference port impedances of port 1 and port 2 respec-
tively. 
4,2 Optimization Result for the T-Network 
As said before, Levenberg-Marquardt non-linear least square algorithm is used 
to minimize the cost function in Eq. 2.4. The optimization result is plotted 
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in Fig. 4.2. The solid curve represents the simulated scattering parameters 
of the right-angled bend with 告 ratio equal to 0.6 and the dotted curve the 
calculated scattering parameters of the T-network. Since s2i 二�s12, only sn, 
s21, and ss22 will be shown. It is seen that the T-network basically is not able 
to model the right-angled bend with the operating frequency beyond 20GHz. 
The reason is due to the nature of the T-network itself. With reference to 
Fig.4.1, it is not difficult to see that the T-network is a low pass filter because 
the inductors become open-circuited and the capacitor becomes short-circuited 
when the operating frequency is sufficiently high. So the T-network is valid 
in modelling the right-angled bend only at low frequency. If the maximum 
operating frequency, fmax, is decreased to 5GHz, 4GHz, and 3GHz in turn，the 
relative error of su，s21, and s22 are tabulated in Table 4.1. It is observed that 
the T-network are able to model the right-angled bend with the relative error 
less than 5% only when the operating frequency is constrained below 3GHz, 
which matches the result stated in [JY92]. 
fmax /GHz || err of ^ n /% err of s2i/% err of s22 /W 
~ 3 || 4.9936 0.075882 4.9776 
4 6.3253 0.087420 — 6.3132 — 
5 8.4742 0.14884 “ 8.4774 
Table 4.1: Relative error between the simulated and calculated scattering parame-
ters, 念二 0.6 (lossless metal strip) 
4>3 Summary 
It is evidenced from the above example that the lumped circuit element equiv-
alent circuits are not able to model the microstrip discontinuities when the 
frequency is beyond 20GHz. To obtain an accurate model, wideband equivalent 
circuits are required. 
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Figure 4.2: Difference of S parameters between 90° bend and T-network. 
Chapter 5 
Proposed Wideband Equivalent 
Circuits 
Several new distributed equivalent circuits for the three types of the microstrip 
discontinuities are proposed in this chapter. Most of the proposed circuits are 
constructed by modifying the existing lumped equivalent circuits. For example, 
one of the wideband equivalent circuits is modified from the T-network by adding 
two uniform microstrip lines to it. Besides, there are also equivalent circuits 
which contains no lumped circuit element. 
5.1 Model of a Uniform Non-Homogeneous Microstrip 
Line 
As there are wideband equivalent circuits proposed by adding uniform non-
homogeneous microstrip lines to the existing lumped equivalent circuits, so a 
model of this lossy and dispersive microstrip line is necessary. The model devel-
oped here is based on [Dwo79, PB83，Bog90, YEL90, DCC90, HNR93, Hof87]. 
For a simple interconnect with a single substrate (Fig. 5.1), its equivalent 
circuit model per unit length of the structure is shown in Fig. 5.2. In Fig. 5.2, 
R represents the interconnection line series skin effect impedance, L is the inter-
connect line inductance resulting from the propagating electromagnetic field, G 
is the substrate shunt conductance, and C is the substrate capacitance. These 
17 
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Metal Strip 
XGround Plane 
Figure 5.1: The geometry of an interconnect line 
R L 
o V s / V AAAA__• • o 
G > 二二 C 
o — • • o 
Figure 5.2: The equivalent circuit model per unit length of a uniform noil-
homogeneous interconnect. 
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circuit elements are derived in terms of the width w, thickness t, of the microstrip 
line, and the thickness h of the substrate. 
To find the capacitance per unit length of a microstrip line, we must first 
know the field distribution beneath the strip. The field distribution is usually 
accounted for by the effective permittivity of the substrate. Under the static 
condition, the effective permittivity, e'r, is between 
| ( e r + l ) < < < e r (5.1) 
where er is the dielectric constant of the substrate. It is to consider the case 
of the microstrip line with a very wide line1 and that with a very narrow line2. 
Hammerstad [Ham75] derived a closed-form formula for the effective permittivity 
under the static condition. It is quoted as: 
4 = 宇 + 广 — 1 � i (5 .2) 
2 2 ( 1 + ¾ 2 
where w e f f is the effective width of the microstrip line. The reason for intro-
ducing the effective width is as follows. As the thickness of the strip increases, 
electric field lines from the ground plane will reorient and terminate along the 
vertical edge of the strip. This reorientation causes the capacitance of a given 
width strip to increase with increasing metal strip thickness. To account for this 
effect, a formula for the effective width with zero thickness metal strip is derived 
[Dwo79]: 
U + ( 5 3 ) 
1 w + + 宁 ) ， f o r 
As the operating frequency is increased, the mode-coupling effect increases and 
the fields become more concentrated in the region beneath the strip. Conse-
quently the effective permittivity increases as the frequency increases. This 
1When the strip line is very wide, the microstrip structure is like a parallel capacitor. 
Therfore, all the electric field is confined to the substrate dielectric. 
2When the strip line is very narrow, the field is almost equally shared by the air and the 
substrate. 
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phenomenon is called the dielectric dispersion in microstrip. Much previous 
work has been done to derive the expression for the frequency-dependent effec-
tive permittivity. Pramanick and Bhartia [PB83] expressed the dispersion in 
microstrip by considering that this is the frequency at which the quasi-TEM 
mode couples with the lowest order TE wave mode. The frequency-dependent 
effective permittivity, e e " , developed yields close agreement with experimental 
results. 
e e f f ( f ) … A ” 
1 十 7 ? 
where fc is the cutoff frequency of the lowest order TE mode of the microstrip 
and is defined as 1 
fc 二 ( 5 . 5 ) 
with c is the light velocity and eQ the permittivity of free space. ZQ denotes the 
microstrip characteristic impedance at dc and is given by 
Z o 二 1 2 0 今 ( 5 . 6 ) 
J /2 tr 
Here F{w, h) is the geometrical factor which accounts for the geometry of the 
microstrip line. 
[丄 ln ( 1 + ^ f l ) , for ^>1 
CV M J 27r ^ e / / T 仙 ” J f 5 7) 
= i ^ 1 w for ^<1 1 j 
With the above equations, Yuan et al [YEL90] derived an expression for the 
capacitance per unit length of a microstrip line: 
叩 ) = 纖 ( 5 . 8 ) 
The expression of the inductance per unit length, L, is obtained by temporarily 
setting tr 二 1, finding C(er = 1), and then finding L by using the formula 
L 二 ( 5 - 9 ) 
C(er 二 1) 
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So, the formula of L is given by 
L ^ f i 0 F { w , h ) (5.10) 
By neglecting the effect of frequency-dependent polarization of the substrate 
material3, Yuan et al [YEL90] derived the expression for the conductance per 
unit length which was dependent only on the substrate conductivity, asub, and 
the geometry of the microstrip line. 
G = — V 丄 ( 5 . 1 1 ) 
F�w, h) 
Three of the four microstrip line parameters have been found. The remaining 
one is the resistance per unit length of the microstrip line, Much research has 
been done to find R so as to include the skin effect at high frequency. Nahman et 
al [NH72] approximated the resistance (with skin effect) with the form A^-By/s. 
With suitable choices of A and B, the expression A-\-By/s can approximate the 
resistance in the whole frequency range. Dinh et al [DCC90] modelled the series 
resistance by 
R ( f ) = \ ^ - f Q r f S f c r n (5.12) 
, ^ i V w f°r f > f c r n 
where a M is the electrical conductivity of the metal strip, }c r n is the corner 
frequency and is defined as the point where the skin depth equals the half of the 
strip thickness 
fern = — ^ (5.13) 
This approach is easily implemented but Eq. 5.12 gives a lower-estimate of the 
series resistance at the transition region (from low frequency to high frequency) 
and does not consider the internal inductance due to the skin effect. On the 
3It is acceptable because alumina is a non-polar material and the frequency-dependent 
effect of the polarization occurs only in the optical frequency range. 
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other hand, He et al [HNR93] considered the internal inductance and the in-
ternal reactance is equal to the skin effect resistance due to the causality of 
the microstrip line (The term y/s = v T ^ instead of considering y/u only.) In 
[Bog90], Bogatin used the concept of effective thickness, t e f f , of the strip line to 
account for the variation of the series resistance (from dc resistance to skin-effect 
resistance) in the whole frequency range (Bogatin did not consider the internal 
reactance as well). Since the effective thickness of the strip line is equal to the 
physical thickness, t, at low frequency and the skin depth, S, at high frequency, 
the effective thickness is derived by integrating the transverse current density, 
which drops off exponentially moving into the depth of the strip. With those 
boundary conditions, the effective thickness is approximated by 
t e f f = s ( l ^ e ' i ) (5.14) 
where S 二 扣pL0(jMf) is the skin depth. By considering the above different 
methods in approximating the series resistance as well as trial and error in 
the optimization, the resistance per unit length of the microstrip line, which 
considers the internal inductance and the dc resistance, is found as: 
R ( f ) 二 (5-15) 
aM^tefj 
Equations Eq. 5.8, 5.10, 5.11，and 5.15 are used to model a lossy (conductor loss 
and dielectric loss) and dispersive (geometrical or modal dispersion) microstrip 
line. 
5.2 Right-Angled Bend 
Four equivalent circuits are suggested for the right-angled bend (Fig. 5.3). The 
first two equivalent circuits (Circuit 1L and 2L) are the result of the modification 
of the lumped equivalent circuits. Circuit 3L and 4L are purely distributed 
equivalent circuits because each transmission (microstrip) line is modelled by 
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Figure 5.3: Proposed equivalent circuits to model right-angled bend. 
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the interconnect model just developed. Their derived formulae of scattering 
parameters are recorded as follows. From these formulae, the symbols and ZQi, 
where i G represent the propagation constant and characteristic impedance of 
the ith transmission (microstrip) line respectively. They can be in turn defined 
in terms of the RLGC transmission line parameters as: 
H = ^ / ( R i ^ j ^ i G i + j ^ C i ) (5.16) 
— i R i + j u L i (5.17) 
m — V + jujCi K ) 
However when the metal strip of the microstrip structure is assumed to be a 
perfect conductor in the analysis, Ri is equal to zero. 
5.2.1 Circuit 1L 
We first compute 
^ = (5.18) 
y _ 7 zr2 + tanh(7i/i) ( � 
二 o l Z o l + Z r 2 t anh( 7 i / i ) � • � 
二 (5.20) 
2 Zx + Zc 
^ 7 + Z0 i tanh(7i/ i) ( , 
ZoX + Z2 tanh(7i/ i) 
+ Z0i tanh(7i/i) 99x 
ZoX + Z ri tanh(7i/i) 
Z5 = 缺 (5.23) + Zc 
ry rj ^5 + ^Qi tanh(7i/i) ( , 
ZoX + Z5 tanh(7i/ i) 
The above equations Eq. 5.19 — 5.21 are found when the port 2 is terminated 
by Z r i whereas Eq. 5.22 - 5.24 are calculated when the port 1 is terminated by 
Z r i . Then the scattering parameters are: 
二 ^ ^ (5.25) 
^ 3 十 乙 r l 
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二 Z^Zrl + ^ l ^ l l ) y 
5 2 1 二 c o ^ ^ h ) ^ + Zol tanh( 7 l / i ) ) 
’ L lReZr2 (5.26) 
Zr2 + Zoi tanh(7i/i) V ReZ ri 
s22 = (5.27) 
一 + “ 彻 ) x 
512 = cosh2(7 l/i)(Z5 + Zol tanh(7 i / i ) ) 
I j R e Z r l (5.28) 
Z r l + Zol tanh(7i/i) V ReZ r2 
5.2.2 Circuit 2L 
Compute 
ZL 二 jujL (5.29) 
= J y , (5.30) 
_ Zr2 + Zol tanh(7i/i) /k 如 
Z l 二 o l Z o l + Z r 2 t anh( 7 i / i ) 1 • ) 
Z2 二 & + A (5.32) 
二 Z d (5.33) 
3 + 
Z4 二 + (5.34) 
z _ z ^4 + ^oi tanh(7i/i) ( 5 3 5 ) 
5 01 Zol + Z4 tanh(7i/ i) 
— Z r l 4 - Z Q l t a n h ( 7 l / 1 ) (5.36) 
Z7 二 ZL + Z6 (5.37) 
二 (5.38) 
Z9 ^ + (5.39) 
ry _ 7 Z9 + Zol Ulih^h) ( , 
Z l ° 二 Z o l Z 0 1 + Z 9 t a n h ( 7 i / i ) ( ) 
Eq. 5.31 - 5.35 are obtained by terminating the port 2 with Zr2 and Eq. 5.36 — 
5.40 by Zri. Then we have 
= ( " I ) 
十 ZJT\ 
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= Z^Z^-VZnSn) y 
21 cosh2(7i/i)(Z4 + ZoX tanh(7i/i))Z2 
i J R e Z r 2 (5.42) 
ZR2 + Z0I TANH(7I/I) V REZRI 
s 2 2 二 ( 5 . 4 3 ) 
— + 2^^ 22) 
512 = 008^(7^0(^9 + Zol tanh(7i^i))Z7 
1 IReZrl (5 44) 
Z r i + Zol tanh( 7 i / i )V ReZ r2 • 
5.2.3 Circuit 3L 
Compute 
一 Z r2 + Z o l t anh( 7 l / 1 ) (5.45) 
Z1 + ^ 2 t a n h ( 7 2 / 2 ) (5.46) 
z3 二 z o l Z 2 + Z o l t a n h ( 7 l / l ) (5.47) 0 Zoi + Z2 tanh(7i/i) 
z — ^ ^ n + Z0itanh(7i/i) (5 48) 
4 — 01 Z0x + zrl tanh(7J i ) 
7 7 + Zo2tanh(72/2) /r 4Qx A 二 r r p r {0.^) 
Zo2 + Z4tanh(72/2) 
7 7 Z5 + tanh(7i/i) / .印、 
Zoi + z 5 tanh(7i / i ) 
Eq. 5.45 — 5.47 are obtained by terminating the port 2 with Zr2 whereas Eq. 5.48 — 
5.50 are derived by terminating the port 1 with ZrX. Then 
= ( 測 
乙 3 十 力 r l 
+ ZriSii) 
5 2 1 二 €08^(71/!) cosh(72/2)(Z2 + Zol tanh(7 i /!)) 
1 jReZr2 (5 52. 
(Zx + Zo2 tanh(72/2))(厶2 + tanh(7 i / i)) V ReZrl • 
厶 6 十 
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— ^ 4 ^ 5 ( ¾ + ^2^22) 
12 cosh2(71/1) cosli(72/2)(Z5 + ZOL tanh(7i/i)) 
1 (5.54) 
(Z4 + Z o 2 t a n h ( 7 2 / 2 ) ) ( ^ r i + 忍 1 t a n h ( 7 l “ ） ） V REZR2 
5.2.4 Circuit 4L 
Compute 
— Z r2 + Z o l t anh( 7 i / i ) (5.55) 
一 Z1 + Zo 2 tanh(7 2 /2) (5.56) 
— Z 2 + ZQ3tanh(73/3) (5.57) 
— Z 3 + Zo 2 tanh(7 2 /2) (5.58) 
7 _ 7 ^4 + tanh(7i/i) ( 5 5 9 ) 
Z s 二 Z o l Z o l + Z 4 tanh( 7 i / i ) V • ) 
— Z r l + Z o l t anh( 7 i / i ) (5.60) 
_ Z6 + Zo 2 tanh(7 2 /2) (5.61) 
7 — °2 Zo2 + Z6t^h(l2l2) V ) 
Z7 + Z o 3 t a n h ( 7 3 / 3 ) ( 5 . 6 2 ) 
+ Zo2 tanh(72/2) 
ZO2 + Z8tanh(72/2) 
• rj Z9 + Z0I tanh(7i/i) ^ 
ZIO 二 乙 - ^ R - 7 J 7 - T 
ZOL + Z9 tanh(7i / i) 
Eq. 5.55 — 5.59 are derived by matching the port 2 with ZR2 and Eq. 5.60 一 5.64 
with Zr\. Then we get 
== ( 5 . 6 5 ) 
乙 5 十 乙 r l 
5 2 1 二 0 0 8 ^ ( 7 1 / 0 c o s h 2 ( 7 2 / 2 ) c o s h ( 7 3 / 3 ) ( ^ 4 + t a n h ( 7 l / i ) ) 
— 1 x 
(Z3 + Zo2 t a n h ( 7 2 / 2 ) ) ( ^ 2 + tanh(73/3)) 
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i (5.66) 
+ Z o 2 t a n h ( 7 2 / 2 ) ) ( ^ r 2 + 乙 i t a n h ( 7 l / i ) ) V R e Z r l 
, 2 2 二 (5.67) 
^ 1 0 十 ^rl 
+ ^ 2^ 22) 
~ cosh2(71/1) cosh2(72/2) cosh(73/3)(^9 + Zol tanh(7i/i)) 
1 x 
(Z8 + Zo2 tanh(72/2))(Z7 + Zo3 tanli(73Z3)) 
i (5.68) 
(Z6 + Z o 2 t a n h ( 7 2 / 2 ) ) ( ^ r i + t a n h ( 7 i / i ) ) V ^eZr2 � 
5.3 T-Junction 
For the T-junction type microstrip discontinuity, there are four equivalent cir-
cuits being proposed (Fig. 5.4), Since a T-junction can be regarded as a structure 
consisting of a main line (port 2 and port 3 in Fig. 3.2) and a stub (port 1), the 
equivalent circuits are designed as in Fig. 5.4. Only port 2 and port 3 are sym-
metrical but not for port 1. Their scattering parameters formulae are derived 
and quoted as follows. The symbols 7,- and Zoi have the same meaning defined 
as in section 5.2. 
5.3.1 Circuit I T 
Z l 二 Z o i ^ 3 + ^ 1 t a n h ( 7 i / 1 ) ( 5 . 6 9 ) 
0 Zol + Z r 3 t a n h ( 7 1 / 1 ) 
7 rj Z r i + ^ o 2 t a n h ( 7 2 / 2 ) 7 m 
Z 2 = Z°2Zo 2 + Z r l t anh( 7 2 / 2 ) 1 � 
二 (5.T1) 
十 Zj2 
Z 3 + ^ Q i t a n h ( 7 i / i ) ( , 
Zoi + Z3tanh(7i/i) 
The above equations (Eq. 5.69 — 5.72) are derived when the port 1 and port 3 
of the equivalent circuit (Fig. 3.2) are terminated by the reference characteristic 
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Figure 5.4: Proposed equivalent circuits for T-junction. 
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impedances Zr\ and Z r 3 respectively. 
Z r 2 + t a n h f a / i ) ( 5 7 3 ) 
Zol + Z r 2 tanh(7i/ i ) 
z = z + h tanh(72/2) ( 5 7 4 ) 
6 °2 Zo2 + Zn tanh(72/2) 
^ = z S e ( 5 . 7 5 ) 
Z g 二 Z o i ^ + ^ i t a n h ( 7 l / 1 ) (5.76) 
— ° ZOI + Z7 tanh(7i/ i) 
Eq. 5.73 — 5.76 are found when the port 1 and port 2 of the equivalent cir-
cuit (Fig. 3.2) are terminated by the characteristic impedances ZrX and Zr2 
respectively. 
— Zr2 + Zo l tanh(7i / i ) ( 7 7 ) 
Z 9 = o l Z o l + Z r 2 t anh( 7 i / i ) V . ) 
Z r ^ Z ^ n h j ^ h ) (5.78) 
Z l l 二 Z q Z i ° (5.79) 
Zq + Z\o 
^ rj zn + Zo2 tanh(72/2) o0n 
Zoi + Zn tanh(72/2) 
Eq. 5.77 — 5.80 are found when the port 2 and port 3 of the equivalent cir-
cuit (Fig. 3.2) are terminated by the characteristic impedances Z r2 and Z r 3 
respectively. The scattering parameters are: 
s22 二 ( " I ) 
^4十厶r2 
— ^3(^*2 + 
532 = 008^(71/^(^3 + Zol tanh(7 l / !)) 
1 IReZr3 (5 82) 
^r3 + Z0 i tanh(71 / i)V ReZ r2 一 
Z3(Z*2 + 
512 - cosh(7i/i) cosh(72/2)(^3 + tanh(7i/i)) 
^ (5.83) 
(Zrl + Zo2tanh(72/2)) V ^Zr2 
sss 二 ^ ^ (5.84) 
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+ 3^533) 
3oo = — X 
cosh2(7 l/i)(Z7 + Zo l tanh(7i/!)) 
lReZr2 (5.85) 
Zr2 + Zoi tanh(7i/i) V ReZr3 
— ZiiZ*^ + Zrss33) x 
5 1 3 二 cosh(7i/i) cosh(72/2)(^T + 乙 1 tanh(7i/i)) 
3: lReZrl (5.86) 
(Zrl + Zo2 tanh(7 2 /2)) V ReZr3 
sn = (5.87) 
— Zn(Z*x + ZriSn) x 
631 " cosh(7i/i)cosh(72/2)(^ii + Zo2tanh(72/2)) 
I — J R e Z r 3 (5.88) 
{Zr3 + Zol tanh(7 i / i )) V ReZrl 
_ 名 1 1 ( ^ 1 + ZRISU) 
5 2 1 = cosh (7 i / i ) c o s h ( 7 2 / 2 ) ( ^ i i + Z o 2 t a n h ( 7 2 / 2 ) ) 
1 R e Z r 2 ( 5 . 8 9 ) 
(^r2 + ^0itanh(7l/i))V ReZrl • 
5.3.2 Circuit 2T 
Since Circuit 2T differs from Circuit IT by adding a capacitor only (Fig. 3.2), 
the expressions of their scattering parameters are similar except for 
Zr, and 
Zn , which are 
厶 二 丄 + ]_ + 丄 ( 5 . 9 0 ) 
Z\ Z2 Zq 
Zr 二丄丄丄 (5.91) 
知 二 丄 + 上 + 丄 (5•哟 
Zq Z10 ^c 
where Zc ==由‘ 
5.3.3 Circuit 3T 
ZLI ^ (5.93) 
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= j u L 2 (5.94) 
二 丄 (5.95) 
C j�C 
z ^ z ^r3 + ^oitanh(7i/i) ( 5 9 6 ) 
Z01 + Z r3tanh(7i/x) 
Z2 = ZL1 + (5.97) 
Z 一 ^ ^ n + Zo2 tanh(72/2) ( 5 9 8 ) 
3 °2 Zo2 + Zri tanh(72/2) 
— Zl2 + ^3 (5.99) 
Z5 = 丄 + 1 + 丄 (5.100) 
Z6 = ZLl + Z5 (5.101) 
二 Z o i ^ 6 + ^ i t a n h ( 7 i / i ) ( 5 . 102 ) 
The above equations (Eq. 5.96 — 5.102) are derived when the port 1 and port 3 
of the equivalent circuit (Fig. 3.2) are terminated by the reference characteristic 
impedances Zrl and Z r 3 respectively. 
— ^ 2 + ^ i t a n h ( 7 i / i ) (5.103) 
Z9 = ZL1 + Z8 (5.104) 
Z r l + Zo 2 tanh(7 2 /2) (5.105) 
Z n = ZL2 + (5.106) 
^12 二 丄 + i + 丄 ( 5 . 1 0 7 ) 
Zg 2^11 Zq 
Z13 = + ^12 (5.108) 
Z13 + ^oi tanh(7i/i) ( , 
Zoi + Zi3 tanh(7i / i ) 
Eq. 5.103 — 5.109 are found when the port 1 and port 2 of the equivalent cir-
cuit (Fig. 3.2) are terminated by the characteristic impedances Zrl and Zr2 
respectively. 
Z r2 + Zoi tanh(7!/i) K 110N 
Z l 5 二 Z ° 1 Z o l + Z r 2 t anh( 7 l / 1 ) 1 J 
Z16 - Zl i + ^15 (5.111) 
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z _ z Z r 3 + ZQi tanh(7i/i) 皿） 
1 Zol + Z r 3 t a n h ( 7 i / 1 ) � 
^18 = Zl i + ^17 (5.113) 
知 二 丄 + i + 丄 ( 5 . 1 1 4 ) 
1^8 
Z2o = Zl2 + Ziq (5.115) 
ry rj ^20 + ZQ2tanh(72/2) 
Zo2 + Z20tanh(7^2) 
Eq. 5.110 — 5.116 are found when the port 2 and port 3 of the equivalent cir-
cuit (Fig. 3.2) are terminated by the characteristic impedances Zr2 and Z r 3 
respectively. The scattering parameters are: 
522 = H (5.117) 
+ Zr2 
— Z\Z^{Z*2 + ^2^22) 
532 二 Tn cosh2(7 l / i)(Z6 + Zol tanhl^/x)) 
\ j R e Z r 3 (5.118) 
Z r 3 + ^oi tanh( 7 l / i ) V ReZ r2 
一 + ^2^22) x 
512 二 Z4 cosh(7i / i) c o s h ( 7 2 / 2 ) ( ^ 6 + tanh(7!/i)) 
\ /5 119) 
(Z r l + Zo2tanh(72/2))V K e Z � ‘ 
,33 = (5.120) 
ZgZi 2(^*3 + ^3^33) x 
5 2 3 二 Z9 cosh2(7i/i)(^i3 + ^01 tanh(7 l / !)) 
1 J R e Z r 2 (5.121) 
Z r2 + ^01 tanh(7 i / i ) V ReZ r3 
丨 ^10^12(¾ + Z r3s33) 
513 = Zu c o s h h A ) cosh(72/2)(^i3 + Zol tanh( 7 l / 1)) 
1 (5.122) 
{Zrl + Zo2 tanh(72/2)) V ‘ 
su 二 (5.123) 
^21十力rl 
_ ^17^19(^*1 + ^nSn) x 
531 二 Z18 cosh^xh) cosh(72Z2)(Z20 + Zo2 tanh(7 2 /2)) 
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__： I J R e Z r 3 (5.124) 
(Z r 3 + Zo l tanh(7i/i)) ]/ ReZrl 
— ^15^19(^*1 + ^n^u) x 
21 — Zie cosh(7i/i) cosh(72/2)(^20 + Zo2 tanh(72/2)) 
1 ReZr2 125) 
{Zr2 + ZoX tanh( 7 l / i ) ) V ReZrl . 
5.3.4 Circuit 4T 
一 z r 3 + Zol tanh( 7 l / i ) (5.126) 
1 _ o l Z o l + Z r 3 t anh( 7 i / i ) � ) 
— ^ + Z o 2 t a n h ( 7 2 ^ ) (5.127) 
— Zrl ^ Zo3tanh(l3l3) (5.128) 
^2^3 (5.129) 
一 Z 4 ^ Z o 2 t a n h ( 7 2 ^ ) (5.130) 
Zs + ^ x t a n h f a / Q (5.131) 
Eq. 5.126 — 5.131 are derived by terminating the port 1 and port 3 with their 
reference characteristic impedances ZrX and Z r 3 respectively. 
= Z o i ^ + ^ i t a n h ( 7 i / i ) (5.132) 
’ � Z o X + Z r 2 tanh(7i / i ) 
— Z 7 + ZQ 2 tanh(7 2 /2) (5.133) 
— Z r l + Zo3taiih(73la) (5.134) 
Z10 二 (5.135) 
7 7 Zip + 0^2 tanh(72/2) 化僅、 
= , rj ‘ t / j \ �o.丄刊 
+ Z 1 0 t a n h ( 7 2 / 2 ) 
7 7 Z n -j-Z0itanh(7i/i) ( . 
Zol + Z n tanh (7 i / i ) 
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Eq. 5.132 - 5.137 are derived by terminating the port 1 and port 2 with their 
reference characteristic impedances Zrl and Zr2 respectively. 
^ — Z Z r2 + Z0i tanh(7i/i) ( 5 工測 
� ” ol Zol + Zr2 tanh(7i/i) 
z = z
 Z i3 + tanh(72/2) (5.139) 
14 °2 Zo2 + Z13 t a n h ( 7 2 / 2 ) 
二 Z o i Z r 3 + ^ 1 t a n h ( 7 i / 1 ) (5.140) 
… ° Zol + Zr3tanh(7i/i) 
— ^15 + 乙2 tanh(72/2) ( 5 
16 = o2Zo2 + Z15tanh(72/2) � . ) 
Z17 = ' (5.142) 
^ 1 4 十 厶 1 6 
— + t a n h ( 7 3 / 3 ) (5 143� 
Z l 8 二 o3Z03 + Z17tanh(73/3) V . ) 
Eq. 5.138 — 5.143 are obtained by terminating the port 2 and port 3 with their 
reference characteristic impedances Zr2 and Zr3 respectively. The scattering 
parameters are: 
s22 二 ^ ^ ( 5 . 1 4 4 ) 乙 6 十 厶 r 2 
ZiZAZ^{Z*2 + Zr2S22) x 
532 二 008^(7!/!) cosh2(72/2)(^5 + tanh(7 l / ! )) 
1 - x 
(Z4 + Zo2 tanh(72/2))(^i + h t anh( 7 2 / 2 ) ) ‘ 
1 J R e Z r 3 (5.145) 
Z r 3 + t a n h ( 7 i / i ) V R e Z r 2 K 
Z^Z5{Z*2 + Zr2«s22) x 
512 _ cosh(7i/i) c o s h ( 7 2 / 2 ) cosh(73/3)(^5 + ^oi tanh(7i / i ) ) ‘ 
- , / M i (5.146) 
(Z4 + Zo2 tanh(72 /2))(^n + Zo3 tanh(7 3 /3)) V ReZr2 ‘ 
,33 = ( 5 . 1 4 7 ) 
力 1 2 十 
Z7ZioZII(Z*3 + Zr3S33) x 
323 二 cosh2(7lh) cosh2(72/2)(Z11 + Zol tanh(7 l / ! )) 
1 
(Z10 + ^02 tanh(72/2))(^7 + h tanh(7 2 /2)) 
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I J R e Z r 2 (5.148) 
Zr2 + Z0i tanh(7i/i) y ReZr3 
— ZiqZH(Z*3 + ^ 3 ^ 3 3 ) x 
S l 3 — cosh(7i/i) c o s h ( 7 2 / 2 ) cosh(73/3)(^n + ZQi tanh(7i/i)) 
i -,/Ml (5.149) 
(Z10 + Zo2 tanh(72 /2))(^n + ^>3 tanh(7 3 /3)) V 
S l l = (5.150) 
力 1 8 十 乙 r l 
— ^ 1 5 ^ 1 7 ( ^ * 1 + ^ r l - g l l ) x 
531 _ cosh(7i/i) cosh(72^2) cosh(73/3)(^17 + t a n h ( 7 3 / 3 ) ) 
i -,/Mi (5.151) 
(Z15 + Zo2 tanh(72/2))(^r3 + 忍 1 tanh( 7 l / i ) ) V ReZrl 
^ 1 3 ^ 1 7 ( ¾ + ZriSn) x 
5 2 1 ~ cosh(7i / i) c o s h ( 7 2 / 2 ) cosh ( 7 3 / 3 ) (^17 + 纥 3 tanh(73Z3)) 
i (5.152) 
( Z 1 3 + Z o 2 t a n h ( 7 2 / 2 ) ) ( ^ r 2 + Z o l t a n h ( 7 i / i ) ) V R e Z r l 
5.4 Tapered Line 
portl \ ^ 1 2 ,丨 |c ^ , , — 
F ； n 1 1 1 
- C Z Z D - M 1 — I — ： — — 1 1 
z r l ； Z o l Z o 2 z 0 i Zon ： z r2 
X， Y 
Figure 5.5: Proposed equivalent circuit for tapered line. 
As a tapered line can be regarded as consisting of a number of uniform 
transmission lines with different cross-sectional areas connected in series, so the 
suggested equivalent circuits are basically designed in this way (Fig. 5.5). In 
Fig. 5.5, the equivalent circuit consists of n uniform microstrip line concate-
nated with one another, each of which has different length as well as microstrip 
width (hence different characteristic impedance). In this research project, the 
equivalent circuits with n = 3’ 4’ 5, 7, 10, and 20 are used to model the tapered 
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line. However, the optimization is only done for the case of n = 3. The reason 
will be shown in later chapters. Since the derivation of the scattering parameters 
for different n is similar, only the scattering parameter formulae for n 二 3 is 
shown as follows. 
5.4.1 Circuit It — n = 3 
Compute 
_ z ^ + ^3 tanh( 7 3 /3 ) (5.153) 
一 l i + ^ t a n h ^ ) (5.154) 
— Z 2 + Z o l t a n h ( 7 A ) (5.155) 
— Z r l + Z o l tanh( 7 l /x) (5.156) 
Z4 + Zo 2 tanh(7 2 /2) (5.157) 
: Z o / 5 + ^3tanh( 7 3 /3 ) (5.158) 
Zo3 + Z5 tanh(73/3) 
The equations Eq. 5.153 - 5.155 are derived when the port 2 of the equivalent 
circuit is terminated by the reference impedance Zr2, whereas Eq. 5.156 — 5.158 
are obtained by terminating the port 1 with ZrX. Then 
二 ^ f 1 (5.159) 
^ 3 十 乙 r l 
21 — cosli(7i/i)cos}i(72/2)cosh(73/3)‘ 
1 
(Z2 + Zol tanh(7 l / i ) )(Z1 + Zo2 tanh(7 2/2)) 
— _ _ 1 J R e Z r 2 (5.160) 
Zr2 + Zo3tanh(73/3) V ReZri 
s22 二 (5.161) 
乙 6 十 
一 ^ 4 ^ 5 ( ¾ + ^2^22) x 
S u — cosh(7i/i) cosh(72/2) cosh ( 7 3 / 3 ) 
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1 x 
{Z5 + Z o 3 t a n h ( 7 3 / 3 ) ) ( ^ 4 + 么 2 t a n h ( 7 2 / 2 ) ) ' 、 
i J R e Z r l (5.162) 
Zr\ + Zoi tanh(7i/i) V ReZr2 
5.5 Summary 
In this chapter, several wideband equivalent circuits are suggested for the three 
types of microstrip discontinuities. All circuits are proposed to compensate the 
deficiency of lumped equivalent circuits at high frequency. Their performance 
will be shown in Chapter 6 and 7. 
Chapter 6 
Performance of the Equivalent Circuits 
The performance results of the equivalent circuits proposed in Chapter 5 are 
recorded in this chapter. By using the technique described in Chapter 2，it will 
be seen that wideband equivalent circuits are superior to the lumped equiva-
lent circuit models for picosecond rise time signals. The maximum operating 
frequency that we use to obtain the scattering parameters of a geometry from 
the HFSS software is beyond 20GHz. This corresponds to about 18ps rise time 
signal1. So this frequency range is enough to analyze circuits with this kind of 
speed. 
Since the plots of the performance result of an equivalent circuit among the 
different types of the microstrip discontinuities (e.g. the right-angled bend with 
different 念 values) are similar in shape, only selected figures of the degree of 
fitness between the simulated and calculated scattering parameters are shown in 
this chapter for illustrating purpose. A table of the relative (percentage) error, 
err, between the simulated scattering parameters and the calculated ones (of 
different equivalent circuits) for each microstrip discontinuity is used to summa- � 
rize the performance. The formula of err is similar as Eq. 2.4 except that each 
vector contains one of the components of the scattering parameters only (e.g. 
Sii, 521, ^22, etc). 
As the metal strip has been regarded as a perfect metal and aluminium type 
l j jere we employ a simple formula to relate the rise time, tr, and the bandwidth, BW: 
trBW « 2.2，where tr is in second and BW is in radian. 
39 
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material during the analysis, the result will be recorded separately. 
6.1 Right-Angled Bend 
The performance results of the equivalent circuits without conductor loss are 
firstly recorded followed by those with conductor loss. It will be seen that the 
performance results having considered the conductor loss are slightly worse than 
those without taking the conductor loss in consideration. It is expected because 
the more physical factor is taken into account, the more difficult the optimization 
is to be done. 
6.1.1 Without Conductor Loss 
For each of the equivalent circuits for modelling the right-angled bend, its un-
known parameters (e.g. the equivalent inductance and capacitance) obtained 
from optimization are tabulated for different values of ^ ratio (Table 6.1 to 6.4). 
Several phenomena are observed (refer to Fig. 5.3): 
• for the Circuit 1L and 2L, the equivalent capacitance values decreases as 
the ratio - increases. Since the width of the right-angled bend is kept 
W 
unchanged whereas the substrate thickness is varied, the decrease in the 
capacitor value is expected because the capacitance is inversely propor-
tional to thickness of the dielectric. 
• for the Circuit 2L，the values of the equivalent inductor is found to increase 
with the - ratio. It shows that the value of the equivalent inductor depends 
W 
on the geometry of the right-angled bend and its value increases as the 
A value increases. From another point of view, since LC 二 " 0 e e / / ( / ) 
w 
and c e f f ( f ) increases with frequency while C decreases with increasing the 
value, L increases. 
W 
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• for all equivalent circuits, it is observed that the matching results of the 
magnitudes plots between the simulated and calculated scattering parame-
ters is better in the low frequency region than in the high frequency region. 
When the operating frequency is low, it can assume that only quasi-TEM 
mode wave is transmitted in the microstrip structure2. However, when fre-
quency increases, more hybrid mode waves are generated and our model 
of the microstrip line assumes that a quasi-TEM mode wave couples with 
the lowest order TE mode wave only. 
• for all equivalent circuits, the relative error increases when the - ratio 
increases, i.e., the modelling result becomes worse when ^ is larger. When 
the substrate thickness becomes thicker, the cutoff frequency of the lowest 
TE mode (Eq. 5.5) is decreased. It can imply that more hyrbid mode 
waves are generated at lower frequency and therfore the mode-coupling 
effect is increased; hence increasing the difficulty in the modelling. 
The geometry of the right-angled bend with 告 二 0.6 is used to illustrate the 
degree of fitness between the simulated and calculated scattering parameters 
(Fig. 6.1 — 6.4). From the figures, it is observed that the phases of the scattering 
parameters between the simulated result and the calculated one match very 
well； whereas the magnitudes show some deviation when frequency increases. 
The phase plots match well because the effective length of the right-angled bend 
should be equal to that of the equivalent circuits. For example, the effective 
length of the right-angled bend (念= 0 . 6 ) , which is calculated from the phase 
shift of 52I, is approximatedly found to be 1.524mm and that of the Circuit 1L 
is 1.6037mm. It can be seen that their values are close together. 
Table 6.5 - 6.9 tabulate the relative error of the scattering parameters for 
different geometries. From the tables, it is seen that, for the same equivalent 
2The higher order mode waves generated in the discontinuity region is not considered 
because they are evanescent mode and attenuate quickly from the discontinuity region. 
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circuit, the relative errors of the scattering parameters become larger when the — 
value is increased. It is because of increasing mode-coupling effect just explained. 
It is seen that all of the equivalent circuits can model the right-angled bend 
with the frequency up to and above 20GHz. Among them, Circuit 2L and Cir-
cuit 4L both are better to model the 90° bend for all the values of 告 ratio within 
the valid frequency range. Since Circuit 4L gives such acceptable modelling re-
sult, we restrict the number of microstrip lines used up to 5. The more number 
of microstrip lines is used, the longer optimization time is required. Moreover, 
it is experienced that it will be very easy to trap into local minimum if large 
number of microstrip lines is used. 
Besides, an interesting phenomenon has been observed. For the equivalent 
Circuit 2L and 4L, the values of the parameters show some trends (either mono-
tonic increasing or decreasing) with respect to the ratio 告(Table 6.2 and 6.4). 
It shows that we can find some empirical formulae to relate the parameters of 
the equivalent circuits to the geometry of the right-angled bend within the valid 
frequency range. 
舍 w i / m m h j mm C / F e r r 
0.2 0.27102 0.80603 7.8489 X 10—” 4,2395 X 
~ 0 2 8 1 5 2 _ 0-80618 4 .5978 X 1 0 " ^ 6.3466 X 10二 
0.29234 0.80185 2.8876 X 8.5550 X 10~ a 
0.8 0.30825 0.81158 8.6769 X 1.1846 X 
H L O 0 . 3 2 4 2 1 —0.81638 1.8495 X 1 0 - 1 5 1.3695 X 1 0 - � 
Table 6.1: Parameter values of the equivalent circuit 1L (lossless metal strip) 
— 'w^ /mm 1 IJmm 丨 L/H \ C/F 丨 err | 
~ q 2 ~ P 0 , 3 0 5 3 5 0.45276 5.9501 X 10—11 4.1647 X 2.7944 X 10—: 
~ 0 A 0 . 3 6 3 4 5 0.36961 1.1677 X 10—iU _ 2.8047 x 3.1708 X 10— 
' T ^ ~ 0 ^ 4 3 ^ _ 0 : 3 0 7 8 2 ~ 1.6525 X 10~ i U 2.2578 X 4 .0670x 10—: 
"08"""0^7354""“5725304 x 10—iU 1.9391 x 10—= 6.7054 x 10— 
1 3 " 0.72132 0.21796 2.4577 X 10一川 1.7699 X 1 0 ~ i a 6 .8507x 10— 
Table 6.2: Parameter values of the equivalent circuit 2L (lossless metal strip) 
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~ w\/mm li/mm W2 Imrnn mm err 
“0 .2 0.27145 0.79619 0.88062 0.053921 4.0674 X 1 0 — “ 
0.4 0.28246 0,79264 0.84789 0.064198 6.0503 X 
0.6 0.29369 0.79016 0.89959 0.054215 8.2033 X 10~ a “ 
‘ 0 . 8 0.30881 0.79975 0.62506 0.037027 1,1711 X 10~ z “ 
‘ 1 . 0 0.32420 0.81386 0.75404 0.0079369 1.3632 X 10~ z “ 
Table 6.3: Parameter values of the equivalent circuit 3L (lossless metal strip) 
wi/mm h I mm W2/mm 12/mm Ws/mm h/mm | err 
—0.2 0.67894 0.080042 0.16016 0.35282 0.39299 0.66920 1.4279 X 
0.4 0 6 9 7 5 8 ^ 0 . 1 1 0 2 厂 0.12246— 0.36300 0.54182 0.51006 —1.8824 X 10— 
0.72141 0.13140 1 . 0 9 0 3 8 8 ~0.33765 0.66202 0.45094 3.6529 X 1 0 _ : 
0.8 0 . 74967~ 0 . 1 4 7 1 9 ~ 0 . 071162" 0 .31859 0 .71183 " 0 . 43322 X 10二: 
1,0 0.80858 0.16457 0.035979 0.26613 0.80293 0.43069 7 . 3 9 2 8 x 10— 
Table 6.4: Parameter values of the equivalent circuit 4L (lossless metal strip) 
—=0.2 [ 1 ^ S21 S22 
II 
"ClT^uit 1L: err/% || 2,5749 0,32154 2.4497 
"Ci rcu i t 2L: err/% 1.3541 0.22885 一 1.5673 
~Ci7cuit 3L: err/% 2.5652 0.29875— 2>4488 
"Ci rcu i t 4L: err/% || 1.0130 0.082063 1.0998 
Table 6.5: Relative error between the simulated and calculated scattering parame-
ters, - 二 0.2 (lossless metal strip) 
— ^ 0.4 Sll S21 s22 
w LL � - *! . • I 
~Ci^"uit 1L: e r r / % II 3.0185 0,51103 2.8820 
""CiFcuit 2L: e r r / % 1.4408 0.24977~ 1.6124 
Circuit 3L: err/% “ 3.0108 “ 0,47327 "^ .8863 
"Cimiit 4L: err/% |[ 0.99433 0.12951 1.1273 
T a b l e 6 . 6 : Relative error between the simulated and calculated scat ter ing parame-
ters , ^ = 0.4 (lossless meta l s tr ip) 
—=0.6 Sn 521 s22 
l e , _ f , - , I I — — 
""Circuit 1L: err/% II 3.2481 0.69372 3.5021 
Circuit 2D； e r r 7 % ~ ' 2.4788 0.19463~ 2.2473 
Circuit 3L: er7f%~ 3.2568 0.64886— 3.4929 
Circuit 4L: err/% 丨丨 2.3568 0.11373 2 .23 lT" 
Table 6.7: Relative error between the simulated and calculated scattering parame-
ters, 念 = 0 . 6 (lossless metal strip) 
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Figure 6.1: S parameters difference between simulation and circuit 1L (lossless 
metal strip),念=0.6 
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Graph of Is111 from simulation and equivalent circuit 
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Figure 6.2: S parameters difference between simulation and circuit 2L (lossless 
metal strip),含 二 0.6 
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— 告 = 0 . 8 II S u S21 S22 
"Ci rcu i t 1L: err/% II 5,8200 0.88885 6.0777~ 
Circuit 2L: e r r / % 4.978T" 0.1683厂 4.7775 
Circuit 3L: err/% ‘ 5.8171~ 0.8711 厂 6.0689 
Circuit err/% || 5.0190 0.20863 4.9690 
Table 6.8: Relative error between the simulated and calculated scattering parame-
ters, —=0.8 (lossless metal strip) 
i == 1.0 Sll S21 S22 
？” I I ‘ 
""Ci^ uit 1L: err/% II 5.2211 1.1238 5.2836 
" C h ^ u i t 2L: err/%^' 4.2074 0.28141 3.9977 
Circuit 3L: err/%~[ 5.2027 1.1180 5,2649 
~ C i ^ u i t 4L: e r r / % 丨丨 4.4311 0.32518 4.2961 
Table 6.9; Relative error between the simulated and calculated scattering parame-
ters, ^ = 1.0 (lossless metal strip) 
6.1.2 With Conductor Loss 
As stated previously, only one type of geometry of the right-angled bend has 
been analyzed for the lossy metal strip case. The performance results of the 
equivalent circuits are tabulated in Table 6.11. It is observed that increasing 
the number of microstrip lines in the equivalent circuit does not help much in 
the optimization. Circuit 3L and 4L give nearly the same relative errors in the 
scattering parameters, which implies that three microstrip lines are enough to 
model the right-angled bend if purely distributed equivalent circuit is required. 
On the other hand, Circuit 2L (combination of lumped and distributed circuit 
element) performs a little bit better than other ones. So the three proposed 
equivalent circuits can be used to model the right-angled bend with conductor 
loss being considered. 
Table 6.10 records the parameter values of the equivalent circuits being found. 
Fig. 6.5 一 6.7 shows the degree of fitness between the simulated and calculated 
scattering parameters. It is seen that the matching result is not very good (com-
pared with that from the conductor lossless case) especially at the low frequency 
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region. The reason is that the HFSS software does not actually simulate the 
EM field inside the lossy conductor. It just uses some analytical methods, not 
stated explicitly in the manual, to calculate the conductor loss and the field pat-
tern on the surface of the lossy conductor. So several approaches of modelling 
the skin-effect are tried and finally a rather good skin-effect model (effective 
thickness approach) is chosen. By using this effective thickness approach, it 
is seen from Eq. 5.14 that the effective thickness will be equal to the physical 
thickness only at zero frequency. Its value is usually smaller than the physical 
thickness. So the conductor loss at low frequency is slightly over-estimated
3 
and therefore the curves of the calculated s n and s 2 2 are above those of the 
simulated ones at low frequency. 
Refer to the magnitude plots of s 2 1 of the Circuit 3L and 4L (Fig. 6.6 and 6.7), 
the calculated curves are slightly below the simulated ones. There may be two 
mechanisms causing this result. The first one is due to the over-estimate of the 
skin-effect loss in the equivalent circuits at low frequency. The second effect is 
that there is a week coupling effect between the arms of the right-angled bend 
when frequency increases. Since the equivalent circuits (Circuit 3L and 4L) 
do not take care of the second effect, the estimated total loss is slightly larger 
at high frequency. As the difference is very small, the coupling effect can be 
neglected within the frequency range. Refer to Fig. 6.5, the calculated s2i is not 
totally below the simulated one. The reason is that the EM field around the 
junction of the right-angled bend，including the week coupling effect, has been 
taken into account by the inductors and capacitor. 
6,2 T-Junction . 
As the structure of a T-junction is more complex than that of a right-angled 
3For aluminium metal strip with lfim in thickness, skin effect occurs when the frequency is 
greater than 7.2372 GHz. Below this frequency, t e f S should be equal to the physical thickness t. 
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w, h/mm I Wi/mm | li/mm \ L/H | C/F err 
一 Q . l 丨 0 .16474 丨 0 .10130 丨 8 .7335 X 1 0 _ 1 1 丨 9 .2409 X 10一丄4 丨 1.2740 X 10— _ 
P a r a m e t e r values of t he equivalent circuit 2L 
..麥 w, h/mm wifmm li/mm W2/mm 12/mm err 
0.1 1 0.12274 丨 0 .13121 | 0 ,15352 | 0 .40491 | 1.3372 x 10— 
P a r a m e t e r values of t h e equivalent circuit 3L 
h/mm I wi/mm 丨 “/mm | w2/mm 丨 l2/mm 丨 ws/mm 丨 hfrnm 丨 
0.1 I 0.11922 I 0.083052 丨 0.13660 丨 0.094822 丨 0.15602 | 0.31158 丨 1.3372 X 1 0 ^ f 
P a r a m e t e r values of t he equivalent circuit 4L 
Table 6.10: Parameter values of the equivalent circuits for the lossy metal strip 
right-angled bend 
—=1.0 sn S21 «22 I" 
"CbHui t 2L: err/% II 7.7677 0.99710 6.3279 
~CiFcuit 3L: err/% 8.7688 1.0313 “ 6.2093 
" C i ^ u i t 4L: err/% || 8.7523 1.0329 6.1901 
Table 6.11: Relative error between the simulated and calculated scattering param-
eters, 念=1.0 (lossy metal strip) 
bend, it is expected that it is more difficult to find an equivalent circuit to model 
it. The performance results of the equivalent circuits (Section 5.3) to model this 
microstrip discontinuity are recorded in this section. 
6.2.1 Without Conductor Loss 
The unknown parameter values for each of the equivalent circuits that models 
the T-junction are tabulated for different values of 念 ratio (Table 6.12 to 6.14). 
Some insights are observed. 
,: • for those circuits with equivalent capacitor (Circuit 2T and 3T), its value 
decreases as the ratio ^ increases. It is because the capacitance is inversely 
proportional to the substrate thickness. 
• as in the case for the right-angled bend, the values of the equivalent in-
J^' » a 




m ^^ H 
歡 ‘  I % 
i 
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• the modelling result is worse when the value | is larger because of the 
increasing mode-coupling effect. 
The degree of fitness between the calculated scattering parameters and the sim-
ulated ones can be seen from Fig. 6.8 — 6.10, which is the result of the T-junction 
with - 二 0.6. From these figures, it is seen that the phase plots match better 
W � 
than the magnitude plots because of the same reason for the right-angled bend. 
Besides, it is observed that Circuit 3T is the best among three in modelling the 
T-iunction because the calculated scattering parameter curves from Circuit 3T 
show the same trend with the simulated ones within the frequency range. The 
results of the other two equivalent circuits show opposite trend in the high fre-
quency region. It is seen from Fig. 6.8 and 6.10 that s n decreases but both 
s 1 2 and S13 increase in the high frequency region. In other words, more energy is 
transmitted from port 1 to port 2 and port 3 when frequency increases. Refer to 
the equivalent circuits 2T and 4T, the discontinuity region of the T-junction is 
directly modelled by connecting the three microstrip lines together, which may 
not be able to model the field at the junction when frequency increases. On 
the other hand, the electric and magnetic energy at the discontinuity region is 
represented by three inductors and a capacitor in Circuit 3T，which can model 
the EM field behaviour at the discontinuity region. 
Table 6.15 - 6.19 record the performance of the equivalent circuits for other 
geometries of the T-junction. Again, it is observed that the values of the relative 
errors from Circuit 3T is much smaller than those from Circuit 2T and 4T. So 
Circuit 3T is the choice m modelling the T-junction when conductor loss is not 
considered. 
As in right-angled bend, the parameters of the Circuit 3T shows a monotonic 
behaviour with respect to the geometry of the T-junction (Table 6.13). So 
some empirical formulae which relate the equivalent circuit parameters to the 
geometry of the T-junction can be derived. 
m 
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会： w\ Imm li/mm W2lmm I2/mm C/F err^ 
0,2 0.26635 1.3538 0.26363 1.2405 1.1976 X 10一二 6.4044 X 1 0 - : 
一 0 . 4 0 . 2 7 1 6 厂 1 .3561 0 .26788 _ 0 1 6 3 _ 1 .2332 X 1 0 " ^ 7 .6513 X 
0 .6 0 . 2 7 0 5 8 ~ 1 .3581 0 .26525 1 .1962 5 . 9 6 2 7 x 1 0 — : 1 . 0973X 1 0 = ^ 
—0.8 0.26919— 1.3636 0.25973 1 .182T" 2 . 1 7 2 5 X 1 Q - � " 1 . 4 0 7 7 
—1.0 0 .27004 1 .3675 0 .25462 1 .1612 2 .1226 X 10—。 1 . 7 8 7 3 x 10—一 
Tab le 6.12: Parameter values for equivalent circuit 2T (lossless metal strip) 
A Wl j mm li/mm W2 / mm ^/mm L\/H 
~Q.2 0 .27231 1 .0288 0 .27439 0 .88843 5 .2551 X 10_二 
0.4 0 . 2 8 0 0 ? " 1 .0030 0 .29044 0 .79592 9 . 0717 X 10-：丄 
0 .6 0 . 2 8 5 4 4 ~ 0 .95205 0 .31342 0 . 68715 1 .3349 X 1 0 - 二 
0.8 0.29133 “ 0.90566 —0.35571 0.58187 "T?T666 X “ 
1.0 0 , 3 0 2 2 4 ~ 0 .86831 0 . 43308 0 .47441 2 ,1426 X 1 0 ~
I U 
告 L2/H C/F err — 
• 0.2 5 .7966 X l O "
1 1
 5 .2135 X 4 .4809 X 1 0
- 厂 
0.4 ~ 1 . 1 0 7 3 X 1 0 ~
1 U
 3 . 4 2 9 6 x 1 0 - 3 . 5 9 5 3 X 1 0 - : 
1.7320 X 10一1u 2.9051 X 1 0 — “ 4.9560 X 10"^ 
2,4157 X 10~
IU
 2.6590 X X0~
ia
 1.0330x 10^" 
1.0 ~3 .1082 X 1 0 ~
I U
 2 .5339 x 10一w 8 .2536 X 10一a 
Tab le 6.13: Parameter values for equivalent circuit 3T (lossless metal strip) 
5 w i / m m li/mm w-i/mm mm u>3/mm /3/mm err 
0.2 0 .26629 1 .2164 0 .27948 0 .14226 0 .26375 1 .2405 6 .3756 X 1 0 " ^ 
0 .27071 0 .88859 ~0：28023 ~0^47572 0 . 26846 1 .2171 7 .3413 X 10_二 
0 .26965 0 . 81179 ~o727613 0 . 55167 0 . 26578 1 .1966 1 .0755 X 1 0 "
J 
~ 0 8 ~ 0 .26885 ~ 0 9 0 6 1 5 ~ 0 .27239 0 . 45987 0 .25989 1 .1826 1 . 4 0 2 0 x 1 0 - = 
" T 0 ~ 0.26963 0.90306 0.27397 0.46715 0.2547T 1.1613 1.7774 X 10"^ 
Table 6.14: Parameter values for equivalent circuit 4T (lossless metal strip) 
I—一P. = 0.2 &n S12 S13 «22 «23 «33 
. Ml U •丄 • 
Circuit 2T: e r r / % 丨| 1,1095 0.63223 0.45339 1.4149 0.28699 1.5358 
Circuit 3T: e r r / % 0.49139— 0.33948 “ 0.36962 1.0723 ~0.25563 1 . 2 3 0 9 
Circuit 4T: e r r / % 1 .0972~ 0.62922 0.44579 1.3975 0.29079 1.5498 
Table 6,15: Relative error between the simulated and calculated scattering param-
eters, —二 0.2 (lossless metal strip) 
Mt, 
m. 
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A = 0.4 [1 7Tl 51^ S13 S22 s23 s33 
_ _ _ « j i … 丨 •！ ^ .：....".；'-. 
Circuit 2T: e r r / % 1,8749 0.60022 0.64007 1.5858 0.32464 1.6523 
一 C i r c u i t 3T: e r77%~ ~ ^ 8 5 4 3 2 0.19384 0.17063 . 0.94474 0.23342 0.94583 
Circuit 4T: e r r / % || 1.7113 0.57076 0.62306 1.5985 0.29714 1.6219 
Table 6.16: Relative error between the simulated and calculated scattering param-
eters, - = 0 . 4 (lossless metal strip) 
急 = 0 . 6 [ T S ^ l 512 «13 «22 s 2S s 33 
Circuit 2T: err/% || 2.9391 0.81579 0.85291 2.2295 0.45487 2.4310 
Circuit 3T: err/% 1.2396 0.18546 ~ 0 2 1 7 5 4 1.2240 0.36062— 1.3733 
~ C h ^ m t 4T: e r r / % 丨丨 2.8377 0.79597 0.83166 2.2372 0.42927 2 . 4 3 6 � 
W 
Table 6.17: Relative error between the simulated and calculated scattering param-
eters, 告=0.6 (lossless metal strip) 
— = 0 . 8 0 siu S12 S13 «22 «23 s33 
一 tu ii . ! • … ！ “ 
Circuit 2T: err/% || 3.6395 1.1289 1.1299 2.9682 0.42346 3.0684 
Circuit 3T: e r r / % 1.6115" 0.36585 0.37036 ‘ 1.7819 0.48285 丁 8 8 9 8 
""Cireuft 4T: e r r / % 丨| 3.6161 1.1252 1.1190 2.9682 0.41073 3 .085 l~ 
Table 6.18: Relative error between the simulated and calculated scattering param-
eters, ^ = 0.8 (lossless metal strip) 
.‘’: "“ • = 1.0 — Si 1 £12 «13 及22 s23 幻3 
Circuit 2T: e r r / % II 4.8192 1.4764 1.4541 3.6460 0.54480 3.4801 
Circuit 3 T : e r r / % ~ 2.0936— 0.31384 “ 0.36186 2.1311 " 5 . 6 4 9 1 7 T 0 3 4 1 
Circuit 4T: e r r / % ~ 4.7950 1.4640 1.4394 3.6524 0.51999 3.4966 
Table 6.19: Relative error between the simulated and calculated scattering param-
eters, ——1.0 (lossless metal strip) 
/ 
T I I 
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6.2.2 With Conductor Loss 
By considering the conductor loss effect, it is found that Circuit 3T cannot be 
used to model the T-junction because the values of some of the circuit elements 
become negative after the optimization no matter how the initial guess is tried. 
As for Circuit 4T, Table 6.21 records its values of the circuit elements being 
found. It is seen that the value of w2 is about 9mm; however, the width of the 
arms of the T-junction is 100/um only. So Circuit 4T is not realistic to model 
the T-junction. 
Table 6.21 also records the parameter values of the equivalent circuits Cir-
cuit IT and 2T used to model the lossy metal strip T-junction. Fig. 6.11 -
6.12 shows the corresponding degree of fitness between the simulated scattering 
parameters and calculated ones. From the figures, it is once again observed that 
the optimization matches the phases better than the magnitudes. Morever, it is 
observed that all the calculated scattering parameter curves in the magnitude 
plots are below the corresponding simulated ones. By examining the relationship 
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it is found that the values from the simulated scattering parameters are greater 
than those from the calculated ones. In other words, the equivalent circuits over-
estimate the loss in the T-junction being analyzed; nevertheless, the relative 
errors of the scattering parameters (Table 6.20) are less than 5%. 
Refer to Table 6.20, it summarizes the performance of the equivalent circuits 
used in modelling the lossy metal strip T-junction. It is seen that the simplier 
the structure of the equivalent circuit, the better is the optimization (modelling) 
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is considered. 
告 = 1 . 0 “ Sn, 512 513  s22 «23 3^3 
Circuit 2T: err/% || 4.4616 0.86934 0.78471 4.5378 0.80955 4.5942 
Circuit I T : e r r / % || 3.8771 0.83869 0.76584 3.6341 0.81331 3.7318 
Table 6.20: Relative error between the simulated and calculated scattering param-
eters, - = 1 . 0 (lossy metal strip) 
~w, h/mm I wifmm | h/mm | w2/mm | h/p-m \ u>3/mm \ h/mm | err 
0,1 j 0.093922 丨 0.51680 丨 9.5635 丨 2.7315 丨 0.079616 | 0.40738 | 1.7126 X 10~ z 
P a r a m e t e r values for equivalent circuit 4T 
w, hfmm wi/mm li/mm W2/mm l2/mm C/F err^ 
一 0 ,1 I 0 . 093846 j 0 . 51675 | 0 . 079516 | 0*40723 | 4 . 7440 X 10— 1 4 | 1 .7111 X 
Parame te r values for equivalent circuit 2T 
w, hf mm w\ /mm li/mm w^/mm | l^/mm err 
0.1 I 0.11354 I 0.55233 | 0.10876 | 0.46071 [ 1.4735 X 10— 
P a r a m e t e r values for equivalent circuit I T 
Table 6.21: Parameter values of equivalent circuit for the lossy metal strip T-
junction 
ft 
W ^^ H^ 
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6.3 Tapered Line 
s 
The only tapered line being analyzed is the 20% one. The metal strip is treated 
1： 
both as a perfect metal and aluminium. It is found that when the metal strip 
is a perfect metal, three microstrip transmission lines are enough to model the 
tapered line. On the other hand, when the metal strip is aluminium, five mi-
crostrip lines are required. The equivalent circuits consisting of more number of 
microstrip lines
4
 have been tried but the results are not satisfactory. One thing 
is that the values of the width of the microstrip lines do not get larger and larger 
gradually. The middle sections are usually very narrow compared with the end 
sections so that they are not realistic in modelling the tapered line. Another 
thing is that the optimization may result in the negative values of the parame-
ters (e.g. the width of the microstrip lines). The reason for these phenomena is 
that the cost function may be easily trapped into a local minimum. 
6.3.1 Without Conductor Loss 
Table 6.22 shows the parameter values of the equivalent Circuit I t being found 
and Table 6.23 shows the relative error between the simulated and calculated 
scattering parameters. From Table 6.23, it is seen that the relative errors of the 
scattering parameters is about 1% only. Therefore, it can be concluded that 
the equivalent circuit consisting of three consecutive transmission lines is good 
in modelling the 20% lossless metal strip tapered line. It is also seen that the 
values of the width of the microstrip lines become larger and larger gradually. 
The degree of fitness of the simulated and calculated scattering parameters 
can be visualized in Fig. 6.13. It is again seen that the matching result of 
the phase plots are better than that of the magnitude plots. It is because the 
effective length of the tapered line and that of the equivalent circuit must be 
4Four, five, seven, ten, and twenty sections of microstrip lines have been used to model the 
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comparable in the physical point of view after the optimization. The effective 
length of the Circuit I t is found to be 0.44952mm and that of the tapered line 
is about 0.359mm. 
Refer to the magnitude plots of the scattering parameters (Fig. 6.13), the 
rate of change of the calculated curves are smaller than that of the simulated 
ones. It is because a tapered line can be regarded as a combination of infinite 
microstrip lines with gradually increasing cross-section and there are only three 
microstrip lines in Circuit I t . The rate of change of the characteristic impedance 
values (and the input impedances seeing from one of the ports) of the tapered 
line is therefore greater than that of the equivalent circuit. 
I h/nm I w\/nm I h/fim | 譯 | hf 叫 | ws/^m | h/^m \ err __ 
100 1 19 .75 j 9 7 . 729 | 8 4 . 519 | 220 .16 | 100 | 131 .64 | 5 ,4851 X 1 0 ~
a 
Table 6.22: Parameter values of the equivalent circuit It (lossless metal strip), 
^2-^1, - 0.2 
- 0.2 || Sn \ s2i \ s22 “ 
"Circui t I t : err/% 丨丨 1,0286 | 0.20098 | 1.1154~ 
Table 6.23: Relative error between the simulated and calculated scattering param-
eters (lossless metal strip) 
Since the optimization fails in finding the parameter values of the equivalent 
circuits with more number of microstrip lines, we try to analyze the effect of 
using more number of microstrip lines by the following method. The basic idea 
is that the length of each microstrip line in the equivalent circuit is kept the 
same. Let I be the length of each microstrip line and N be the number of 
microstrip lines in the equivalent circuit. We start to calculate the width of the 
first microstrip line from the wider side of the tapered line
5
 (width w2, Fig.3.3). 
5The case with the width of the microstrip lines calculated from the narrower side has been 
tried. It is found that the relative errors of the scattering parameters are very large. 
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The width of the remaining lines are then calculated by the formula: 
§ wi = wi+1 - 0 . 2 / , i 二 N-1,N-2, “” 1 (6.4) 
After that , the scattering parameters of the equivalent circuit is found by us-
ing the formulae developed in Chapter 5. The relative errors of the scattering 
parameters when more number of microstrip lines are used are tabulated in 
Table 6.24. 
N S l l S 2 1 S 2 2 
3 1.6029 0 .56761 2.2855 
T ~ 3 .3433 ~0 .74810 "1 . 6091 
~ 5 ~ " 4 .6363 一0.84990 飞 . 1 3 6 2 
~~7 6 .2139 ~0 .95829 ~ . 9 4 5 0 
~10~ 7 .4546 —1.0331 1 . 3 4 0 1 
~ 2 0 ~ 8 .9636 1.1124 11.010 
Table 6.24: Relative error of the scattering parameters with different number of 
microstrip lines used, (lossless metal strip) 
It is observed from Table 6.23 and 6.24 that the optimization result is the 
best, i.e., three microstrip lines are enough to model the 20% tapered line. 
Moreover, for the lossless metal strip case, it is seen that the more number 
of microstrip lines are used, the worse the matching result of the scattering 
parameters (for the above stated method in the analysis). 
6.3.2 With Conductor Loss 
In this lossy case, optimization leads to a 3-section structure with the width of 
the middle section being narrower than the two end sections. This is physically 
unreasonable and it points to the pitfall of any optimization technique used 
to determine an equivalent circuit. Besides, since the same geometry of the 
lossless metal strip tapered line is adopted in the lossy metal strip case, we use 
the parameter values of the equivalent circuit (Circuit I t ) for the lossless case 
to calculate the scattering parameters for the lossy tapered line. The result is 
I 
I 
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then compared with the simulated scattering parameters. Fig. 6.14 shows the 
matching result. The matching result is worse and the phase is even not matched 
well. By using this set of parameter values, the loss is under-estimated in the 
low frequency region and over-estimated in the high frequency region. 
Table 6.25 tabulates the relative error of the scattering parameters. It is seen 
that the same equivalent circuit (with the same parameter values) can also be 
used to model the lossy metal strip tapered line with about 10% in error, which 
can be tolerated in the engineering point of view. 
By using the similar approach as in the lossless metal strip case to find the 
performance of the equivalent circuits with more number of microstrip lines, the 
results are tabulated in Table 6.26. It is seen that the analysis result of using 
three microstrip lines is better than the performance by using the parameter 
values of the perfect metal strip case to the lossy case. Besides, it is observed that 
five microstrip lines are required to model the 20% lossy metal strip tapered line 
with an relative error less than 10%. When more number of microstrip lines are 
used, the matching result is worse. So, it can be concluded that no optimization 
is necessary to find the model parameters of the equivalent circuits and the 
analysis method is sufficient to find an equivalent circuit for the lossy tapered 
line. Fig. 6.15 shows the matching result of the equivalent circuit consisting of 
five microstrip lines. 
^ F ^ = 0.2 II s n I 5 2 1 丨 s n — 
"Circui t I t ; e r r / % 丨丨 10.448 | 0.96977 | 6.0167 _ 
Table 6.25: Relative error between the simulated and calculated scattering param-
eters (lossless metal strip) 
6.4 Summary 
The performance results of the proposed equivalent circuits has been shown. It 
f w 
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N S^i £21 S22 
3 II 10,053 1.3274 4 . 0 6 1 � 
" 8 3 3 2 3 1.4664 - 1.8439 
~ 5 ~ � 7.4142 T . 5 4 4 2 1.5106 
~7~ 6,5729 1.6253 2.7711 
~10~ ~6,1742 "T .6790 4.0897 
20 6.0663 1.7321 ~5.7562 
Table 6.26: Relative error of the scattering parameters with different number of 
microstrip lines used, (lossy metal strip) 
is seen that they are able to model the corresponding microstrip discontinuities. 
Since the frequency range employed in the analysis is up to 22GHz for per-
fect conductor metal strip and 25GHz for aluminium metal strip，the proposed 









I Chapter 7 
Model l ing Performance Using T E M 
I Approximation 
In Chapter 5, several wideband equivalent circuits are proposed to model the 
three types of microstrip discontinuities. Their modelling performance which is 
shown to be acceptable in the engineering point of view is recorded in Chapter 6. 
In this chapter, we try to use TEM equivalent transmission line to model the 
microstrip discontinuities. This is called low frequency approximation because 
non-TEM mode waves will be generated inside the microstrip lines when fre-
quency is increased. The equivalent circuits are still the same but TEM line is 
used instead of the line modelled in section 5.1. The basic idea of using TEM 
line approximation is that the dispersive effect of the microstrip lines in the 
equivalent circuits is modelled by the lumped circuit element (s). The equivalent 
lines are only used to model the dielectric loss and/or conductor loss. However, 
it is found that all the dispersive and lossy effect can be modelled by the lumped 
element(s) and the TEM lines are used as lossless microstrip transmission lines. 
m. 
7,1 Right-Angled Bend 
The optimization is firstly performed without considering the conductor loss, 
i.e., the metal strip is assumed to be a perfect conductor. After that, the con-
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is possible to model the right-angled bend. 
7.1.1 Without Conductor Loss 
Since conductor loss is not considered in this case，only three transmission line 
parameters, L“ G“ and Ch are used in modelling a TEM line，where i is the ith 
transmission line. When modelling the microstrip lines, two cases are considered: 
the TEM lines have low dielectric loss (Gi is taken into account) and lossless 
TEM lines (Gi is not considered). In the former case，it is obtained that the 
value of Gi is found to be very large which is not reasonable with respect to the 
low loss dielectric. So this approach cannot be used to model the right-angled 
bend practically. Since alumina substrate is a low loss dielectric, it leads to 
the latter case. For the latter case with the equivalent circuits having lumped 
element(s), the values of Li and Ci are found comparable to those calculated by 
using the model in section 5.L 
Circuit 1L 
告 Iq/J/m— 1 G j / S m - 1 C j F m - 1 
0.2 1 . 5 5 1 7 x 1 0 - ， 6 . 3 0 7 9 x 1 0 - : : 5 . 6293 X 1 0 _ : f 
(., 0 .4 2 .4284 X 10-‘ 3 .7152 X 1 0 ~
1 4
 3 .3514 X 
0 .6 3 ,0231 X l O ^
7
" 2 . 8553 X 1 0 ~
1 4
 2 .5916 X 1 0 ~ ^
u 
0 .8 ~ 3 . 4 2 9 9 X l 〇 - r 2 .4499 X 1 0 * 1 4 —2.2322 X 
1.0 ~3 . 7374 X 10~
Y
 2 .2062 X 1 0
- 1 4
 2 . 0158 X 1 0 "
i U 
Table 7.1: LGC values of the equivalent circuit 1L by using the non-TEM microstrip 
line model 
The parameter values of the equivalent circuit when G\ is considered is 
recorded in Table 7.2. From the table，it is seen that the values of the con-
ductance per unit length Gi are found in the order of -11. Since the electrical 
conductivity of the alumina substrate is l O ^ ^ ^ m
- 1
 and from Eq. 5.11, the value 
of Gi should be in the order of -14 (Table 7.1). So Table 7.2 implies that the 
I 
w 
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L x / H m - 1 G i / S m - 1 C i / F m " 1 h/mm CjF err 
^ … ！ I j n 
0 2 1 ,5495 X I P "
7
 7 .2963 X 1 0 ~
1 !
 5 . 5877 x 1 0 ~
1 U
 0 . 80170 9 . 8 9 4 6 x 1 0 ， 5 . 2 3 8 6 x 1 0 — 
~ 0 A ~ 2.4288 X 10-^ " T 9 0 6 2 X 1 0 ~ U “ 3.3008 x 0.79919~ 6.6376 X 8.9799 X 10~ 6 
0.6 3 , 0 2 2 7 X 1 P ~
7
 7 .7661 X 1 0 - ^ 2 .5505 X 1 0 ~
1 U




 “ 2.2053 X 10一二 0 , 7 8 6 4 厂 3.4586 X 10—二 1.9726 x 10~2 
" T O 3 . 7 3 9 4 X 10"‘ 6 .6101 X 1 0 -
1 1
1 . 9 7 2 0 X 0 .79880 2 .9074 X 1 0 ~
1 4
 2 .4750 X 10—2 
I' — ~" 
Table 7.2: Parameter values of the equivalent circuit 1L (lossless metal strip and G 
being considered) 
substrate is much lossy and therefore the equivalent circuit with Gi being taken 
into account cannot be used to model the right-angled bend practically. 
The reason why the values of G is found too large is due to Eq. 5.16. It is 
obtained from the result of Chapter 6 that the capacitance per unit length of 
a microstrip line is frequency dependent (increases with increasing frequency). 
I 
Now, its value is kept constant in the TEM approximation; so its frequency 
dependent effect is compensated by G during the optimization process (Eq. 5.16). 
InfHm— 1 C h / F w r 1 hfmm C/F err _ 
~Q,2 1.5607 X 10"Y 5.5070 X l O - l u 0.79777 1.1259 X 1 0 - ： 3.5438 X 10"^ “ 
~ ~ 2 . 4 2 8 3 X 1 0 ~
7
 3 .1612 X 1 0 ~ 1 U “ 0 .80239 8 . 2759 X 10— 1 4 5 .4676 X 1 0 — 
0.6 3.0670 X 10~Y 2.4122 X l O " 1 ^ 0.78514 7.0176 X 1 0 " ^ " T 0 5 3 6 X 10—= 
3 .6530 X 10~
Y
 1 . 0 6 4 8 X 0 . 75805~ 6 .2200 X 1 0 " ^ 丁 1 3 6 6 X 1 0 ~ J “ 
1.Q 4 . 2448 X 10~ Y 1 .9263 X 10一 1 u 0 . 71324 6 .1999 X 10一 1 4 1 .3475 X 
Table 7.3: Parameter values of the equivalent circuit 1L (lossless metal strip and G 
not being considered) 
As the electric loss tangent of the alumina substrate is about 0.0003 at 
10GHz, the dielectric loss can be neglected from modelling the microstrip line. 
The effect of the low loss dielectric is modelled by the lumped capacitance. Ta-
ble 7.3 records the parameter values of the equivalent circuit when G\ is not 
taken into account. By comparing Table 7.1 and 7.3, it is seen that the param-
eter values by assuming the TEM lines are lossless is reasonable because the 
corresponding parameter values are in the same order of magnitude. Refer to 
Table 6.1 and 7.3, it is observed that the lumped capacitor value in Table 6.1 is 
m:> I 
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smaller than that in Table T.3. It may be accounted that the effect of dielectric 
loss is also modelled by the lumped capacitor other than the discontinuity field 
effect. 
告 II 511 «21 S22 
0 .2 [j 1 ,2450 0 . 33611 0 . 85334 
0 .4 1 ,1010 0 . 53877 0 . 63465~ 
0 . 6 1 .5962 0 . 75956 0 . 2 2 0 3 ? " 
3 . 7227 1 . 0 0 9 「 4 , 3 6 3 7 ~ 
1.0 ~2 J0458 1 .3110 2 , T 5 6 3 ~ 
Table 7.4: Percentage error between the simulated and calculated scattering param-
eters from circuit 1L, (lossless metal strip) 
Table 7.4 records the percentage errors between the simulated and calculated 
scattering parameters. It is seen that the lossless TEM line approximation (for 
I 
Circuit 1L) can also be used to model the right-angled bend with frequency 
beyond 20GHz. 
Fig. 7.1 shows the plots of the scattering parameters of the right-angled bend 
and Circuit 1L when the ^ ratio is equal to 0.6. By comparing the figure with 
Fig. 6.1, it is seen that the matching result of the equivalent circuit with TEM 
lines is better than that with non-TEM lines. This can also be observed from 
the corresponding relative errors (Table 6.1 and 7.3). So it can be concluded 
that Circuit 1L with lossless TEM lines is the choice to model the right-angled 
bend with perfect conductor or very large conductivity metal strip. 
Circuit 2L 
As in the case of Circuit 1L, the values of the conductance per unit length 
is too large to represent the dielectric loss of the alumina substrate (Table 7.6). 
So Circuit 2L with G being considered in modelling the microstrip line is not 
t suitable to model the right-angled bend. 
When G is neglected, the result of the parameter values is recorded in Ta-
ble 7.7. 
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飞 LJHm-i Gj/Sm'1 (h/Fm-1 一 
0.2 1.4202 X 10一: 6.9937 x 10,= 6.2298 X 10一二 “ 
~QA~~2T0562 x 10-
Y
 4.5290 X 4.0681 X 10”:二 “ 
~0^ 6~"¥.3547 X 1Q-
y
 3.8545 X 10~
14
 3.4742 X 
~~^4003 x 10-, “ 3.7674 X 10_” 3.3973 X “ 
1.0 2.3910 X 10~
Y
 3.7848 X 10"
14
 3.4127 X IP"
10
" 









0.2 1,4427 K 10~
Y
 6.4747 X IP"
11
 6.1702 X 10
-1U 
I? ~QA~~2J283 X 10~
r
 2.9812 x IP"
11
 3.9911 X 10~
1U 
" " “ 2 ^ 4 8 7 9 X 1 0 —
r
 - 1 . 0 8 1 8 X 1 0 ~
i U
 3 . 4 3 6 5 X 1 0 一 二 “ 
0.8 2.6015 X 10— 4.9591 X IP"
11
 “ 3,2622 X 10—二 
1.0 ~2.6042 X 10-
f
 6,7491 X lO"
11
 3.3262 X 10~
xu 
hj mm L/H C/F err “ 
I 0.2 0.45366 5.7654 X 1 0 " 1 1 4 . 2 7 0 6 x 1 0 - : : 3 .4093x 1 0 - : 
0 .4 0 . 3 6 8 8 4 ~ 1 , 1298 X 1 0 ~
i U
 2 . 9 1 4 5 x 1 0 : 4 . 4 6 1 1 X 1 0 一 
0.6 0.29988" 1.6075 X 10~
iU
 “ 2.3915 X 10"^ 5.5783 X 10—= 
0 . 8 0 . 2 4 9 1 6 ~ 2 . 0 4 7 9 X 1 0 ~
i U
 “ 2 . 0 9 0 2 X 1 0 " ^ 9 . 0 8 1 2 X 
1.0 ~q721044 2.3858 X 10~1 U 1.9392 X 1 0 ~ i a 9 . 9 0 9 5 x 10— 
Tab le 7.6: Parameter values of the equivalent circuit 2L (lossless metal strip and G 
being considered) 
A Z^/Hm—1 Ci/Fm-1 hi mm L/H CjF err 
, 0 .2 1 . 6969 X 10一Y 6 . 3 3 0 4 x 10— 1 U 0 . 5 1 3 6 7 3 . 6 8 2 8 X l O " 1 ^ S .3854 X 1 . 8 3 9 3 X 1 0 _ : 
2.6558 X 1 0 ^ " 3.8814 X 1 0 ~
1 U
 ~o",44353 T5608 X 2 .4321 X 1 0 " ^ 2.4499 X 10一: 
3 . 4 3 8 5 x 10—
Y
 3 . 4222 X 10一 1 u —0.33940 " T . 2 1 0 9 X 2 . 1364 X 3 . 9 8 8 9 X 1 0 ~ y 
4 . 4544 X 1 0 ~
7
 3 . 3 3 0 5 X I P "
1 0
 0 , 2 7 9 7 0 " 1 . 4 8 5 3 X 1 0 - : 1 . 8590 X 1 0 ~
1 3 一 7 . 2 3 5 2 X 
"Xo~ 4.6267 x l F ^ 3,6623 X 10^
10
 0.20060 2.0354 X 1Q~
10
 1.8607 x 10~
15
 6.6111 X 10~
a 
f T a b l e 7.7: Parameter values of the equivalent circuit 2L (lossless metal strip and G 
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謹 ， 
鍪 
By comparing Table 7.5 and 7.7, it is seen that the corresponding transmis-
sion line parameters are in the same order of magnitude. Moreover, the values 
of the corresponding lumped inductors and capacitors are comparable in mag-
nitude with the equivalent circuit using non-TEM lines (Table 6.2 and 7.7). So 
Circuit 2L with lossless TEM lines can be used to model the right-angled bend. 
Table 7.8 records the percentage errors of the scattering parameters. 
£ 11 1^1 «21 2^2 
0.2 II 1.2111 0.13194 1.1138~ 
0,4 1,1039 “ 0,20461 一 1.0154 
0.6 “ 1 .9934 " 0 . 2 5 7 4 8 ~270619 
0,8 4.1661 0.45408 —4.3441 
1,0 2.6771 “ 0.52768 2.6496 
Table 7.8: Percentage error between the simulated and calculated scattering param-
eters from circuit 2L, (lossless metal strip) 
The matching result between the scattering parameters of the right-angled 
bend and Circuit 2L is plotted in Fig. 7.2. It is again seen that the matching 
performance of Circuit 2L with lossless TEM lines is better than that with 
non-TEM lines (Fig. 6.2). It can also be seen from the result of the relative 
errors (Table 6.2 and 7.7). So the same conclusion from Circuit 1L can be 
drawn, i.e., Circuit 2L with lossless TEM lines is the choice in modelling the 
right-angled bend where its metal strip is a perfect conductor or with very large 
conductivity. 
Circuit 3L 
Besides applying TEM approximation on Circuit 1L and Circuit 2L, we also 
try to apply this method to the equivalent circuits with purely distributed el-
ement. However, it is found that this method does not work in modelling the 
right-angled bend no matter G is considered or not. Table 7,9 records the pa-
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岳 L�/Hm-1 G i / S r n " 1 C i / F m " 1 h/mm \ 
0.2 9 , 8129 X 1 0 ^ 1 .1957 x 1 0 ~
4
 1 . 2392 X 0 . 014254 _ 
~0T" 2,3888 X 10-^ 1.7020 xlO—u 1(3532 X 10—二― 0,73043 
~06~ 3.0592 X 10^
7
 ^8910 X lQ-
b
 2.3432 X 10~
1U
 0.59400 
《 3 . 6 1 2 4 x 1 0 — —5 .4977x 1 0 — ” 2 .0974 X 1 0 " i U 0 . 68441 
~T0~1 4.2188 x 10~
Y
 7.5733 X 1Q-
11
 2.0298 X 10~
1U
 0,70906~ 
.畀 L2/Hm-1 G2/Sm-X C2/Fm-1 l2/mm err = 
0,2 7 . 4199 X 10~
Y
 1 . 0 5 6 4 X 1 0 — 3 . 1 9 6 5 x 1 0 — 0 , 29881 4 . 4234 X l Q - ^ 
0 .4 2.205D X 1 0 — 7 , 6127 X l Q - " ^ " 0 .18780— 6.D341 X 1 0 二 
0,6 4.706Q x 10-^  ~57256T x 10"
a
 6.T500 X 0.25265~ B.4T35 x 
~Q,8 2.0981 x 10_
y
 5.8253 X IQ"
T
 3.2593 X 10"^ 0.27614 1.2529 X 
1.0 3 . 8645 X 1 0 ~
8
 1 . 2 5 8 0 X 1 0 — 5 . 2253 X 1 0 ~
i U
 0 . 099568 1 .5680 X 1 0 ^ 
Table 7.9: Parameter values of the equivalent circuit 3L (lossless metal strip and G 
being considered) 
霧, 
A Li/Hm~l Ci/Fm-1 h/mm L2/Hm-1 C^Fmr1 h/mm err 
0.2 1 .8495 X 1 0 ~
7
 6 , 5262 X 1 0 ~
1 0
 0 . 6 7319 | 2 , 5788 X 1 0 ~
1 4
 9 . 9376 x 10—= 0 . 11329 3 , 5 4 3 7 x 1 0 ^ " 
~ 0 A 2 . 6 5 4 4 X 1 0 -
7
 3 . 4556 X 1 0 ~
i U
 ~ 0 . 7 3 4 0 7 1 .8266 X 1 0 " ^ 6 .4145 X 10—二 0 . 1 2899 5 .4672 X 10一: 
3.4909 X 10一7 2.7457 X 10~iU ~0.6898l ~5^ 8632 X 10"^ 4.5656 X 10"^ ~0J5368 8.0546 X 10一二 
~ 0 8 ~ 3 . 8 7 2 Q X 1 0 ~
V
 2 . 1 8 9 3 X 1 0 ^
1 1
^ “ 0 . 7 1 5 0 1 1 , 0 2 1 9 x 1 0 — = 2 . 8 4 1 8 X 1 0 ~
1 0
 0 . 2 1 8 7 7 — 1 . 1 3 6 9 X 
H l O 4 . 2 4 5 1 X 10~7 2.0237 X 10~1U 0.70987 1.7667 X 1 0 - 1 4 5.4143 X 1 0 - 0 . 0 9 6 0 9 8 1.5117 X lQ-"7" 
Table 7.10: Parameter values of the equivalent circuit 3L (lossless metal strip and 
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I • 
neglected. It is found that when G is included in the model, its values are found 
I very large. However, when G is neglected in the model, the inductance per unit 
1 
length of the middle line, I2，is found to be very small. As the junction of the 
霞 . • -j 
right-angled bend is a discontinuity centre, part of the signal wave is reflected at 
f 
the junction and therefore the propagation is reduced. From Eq. 5.16, the value 
藝： 
of the inductance per unit length of the TEM line should be small in order to 
satisfy this condition. 
Circuit 4L 
I ~ h J H m - 1 ~ G j S m ' 1 " " C i / F m - 1 h / m m L 2 I H m - 1 G 2 / g m — 1 
in i … . I ,. ^ 
0.2 9 . 6528 X 1 0 - ^ 3 . 3380 X 1 0 ~
1 0
 1>2311 X 10~9 0 . 079634 2 . 2083 x 5 .2232 X 
0.4 1.6638 X 10-
7
 1.5758X10—厂 6,6782 X ~0l0795~ 5.7987 X 10~' 1.0820 X 10一 
2 , 1 2 5 3 X 10一‘厂 7 .6331 X 1 0 — " T 8 4 3 7 x 1 0 ~ I U 0 . 1 2783 5 . 1713 X 1 0 — 5 ,0836 K 1 0 " ^ 
_ 2,6199 X 10_'广 9.8787 x 10—u 3.8581 X 10—u 一 0 . 1 4 1 9 3 6.2127 x 10— 3.6383 X 
2 . 2 8 1 1 X 1 0 ~ 7 9 , 0 1 1 0 X 1 0 ~ U 3 . 1 5 5 9 X 1 0 ~ I U 0 . 1 6 4 5 7 8 . 1 8 6 9 x 1 0 — 5 . 2 2 0 7 X 1 0 ~ i 4 
I； h. C 2 / F m - 1 l 2 f m m 一 1 G 3 / S m 一 1 C 3 / F m - 1 / 3 / m m e r r ~ 
0 . 2 3 . 7 8 3 1 X 1 0 - 1 U 0 . 3 5 0 3 5 1 , 1 4 5 2 x 1 0 — 1 . 2 3 5 5 X 1 0 ^ 7 . 8 6 4 T X 1 0 ~ | " 0 . 6 7 4 0 1 2 . 9 9 6 4 X 
~ 0 A 2 . 0 4 1 6 X I P "
1 0
 0 . 36060 “ 1 .4629 X I P "
7
 1 . 1 6 9 9 x 1 0 — 5 .7518 X 1 0 ~ |
u
 “ 0 .51760 3 .3862 x 1 0 — 




" 0 . 33420 1 .6165 X 10—
Y
 2 . 5348 X 1 0 ~
&
 4 . 9 7 1 3 X 1 0 ~ |
u
 0 . 46268 " ^ 3 9 4 8 x 10—: 
1 .1547 x 1 0 - 上 u 0 3 1 4 7 4 " 1 . 7768 X 1 0 ~ ~ 4 . 3579 X 1 0 " » 4 . 3009 X “ 0 .44951 8 .6889 X 
~Tq•"“§3933 X I P "
1 1
 0 . 26404 2 . 1 4 7 5 x 1 0 — 4 . 5 6 3 7 x 1 0 — 4 . 3168 X 10—
i U
 0 , 4 2083 1 .7229 X 1 0 " ^ " 
Table 7.11: Parameter values of the equivalent circuit 4L (lossless metal strip and 
^ G being considered) 
jL LifHm—1 C J F m T 1 h/mm L 2 I H m - x C ^ / F m - 1 — 
0.2 4 . 8602 X 1 0 ~
Y
 1 . 8 2 1 4 x 1 0 一 9 0 . 16360 1 .8351 X 10—二 2 , 0 3 8 7 X 
5 . 4 8 1 2 X 1 0 — 8 . 4178 X 1 0 ~
i U
 —0.16358 3 .3095 X 1 Q - 厂 1 .6676 X 1 0 ~ | u 
5 .6370 X 10~
Y
 6 . 1583 X 1 0 一 ^ 0 . 15516 4 . 8 5 9 7 x 1 0 — 9 .8811 X I P " 1 1 
" " “ 6 ^ 4 2 8 2 X 1 0 ~
7
 4 . 9 5 6 3 X 1 0 -
1 U
 0 , 1 7 8 3 8 5 . 8 2 4 1 X 1 0 _ : T.5177 X 1〇—:厂 
lT0 5 . 0 9 5 2 x 1 0 一 7 3 . 8 3 5 7 X 1 0 - 川 0 . 1 9 3 4 4 7 . 9 5 8 7 x 1 0 ~ Y 4 . 0 4 3 6 X 1 0 " 
M l 2 / m m L z / H m ~ l C z / F m ~ l l 3 / m m err 
0 . 2 0 . 2 4 2 6 6 2 . 3 1 4 3 X 1 0 - 1 4 6 . 4 1 6 5 x 1 0 - : � 0 . 4 5 8 8 2 2 . 0 2 5 4 x 1 � - : 
~ Q A ~ 0 . 3 1 3 6 5 8 . 1 8 2 8 x l O — r 4 , 9 9 7 7 X 1 0 " ^ " ^ 4 1 5 9 2 2 . 7 3 5 3 X 1 0 -
3 
0 . 3 0 9 3 3 ~ ^ 8 7 4 7 x l Q - 1 4 4 . 6 7 1 0 X 0 . 4 1 5 2 8 4 , 1 6 4 3 X 1 0 ^ 
0 .27201 2 . 3260 X 4 . 5856 X 1 0 ~
1 U
 “ 0 . 39625 7 . 2478 X 1 0 ~
a 
" T O 0 . 2 4 9 0 1 1 .5069 X 1 0 ~
i a
 5 .0129 X 1 0 ~
1 U
 0 . 3 6473 6 .9111 X 
Tab le 7.12: Parameter values of the equivalent circuit 4L (lossless metal strip and 
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I I | | 
The optimization results are similar to those of Circuit 3L. When G is in-
I 
eluded in the transmssion line model, its values are found too large to represent 
i 
the substrate dielectric loss. On the other hand, when G is not considered, the 
inductance per unit length of the middle line, L3, of the equivalent circuit is too 
small for the same reason given for Circuit 3L. Table 7.11 and 7.12 record the 
results of the parameter values. 
7.1.2 With Conductor Loss 
With conductor loss being considered, there are now four transmission line pa-
rameters to describe a microstrip line. Three cases have been analyzed to model 
the right-angled bend. The first case is that the microstrip line model includes 
both the conductor and dielectric loss, i.e. RLGC are included in the line model. 
The second case is that the line model considers only the conductor loss and the 
dielectric loss is neglected (or modelled by the lumped element). Finally the line 
model is assumed to be lossless. It will be seen that for the equivalent circuits 
with lumped element (s), they can model the right-angled bend only when the 
TEM lines are assumed lossless. The conductor and dielectric loss seem to be 
modelled by the lumped element (s). 
Circuit 1L 
R \ L \ G \ C \\ Rx/^lm- 1 L“Hm—、 G^Sm,- 1 C i / F m ~ x 
‘V \ V \ V \ V \\ 3 4 2 . 3 5 5 .8162 X 1 0 - : 2 . 0654 X I P " 1 9 .5522 X 1 0 ] 1 
J y ~ 7 ^ 0 6 7 x 10~
Y
 3 . 2 3 5 4 X 1 0 二 - " T 8 0 6 3 X 1 0 " ^ “ 
- 丁 — 6 ,5435 X 1 0 ~ 7 - 1 .1358 X 1 0 ~ 1 0 
K 丨 L 丨 G 丨 C Y h / m m C / F err 
V I >/ I V I V II 0 . 22015 9 , 3 9 0 7 X 1 0 - ” 1 ,4965 X 
y y 0 . 39388 1 .4884 X 1 0
- 1 5
 2 . 3670 X 1 0 -
2 
7 0 , 19598~ 9 . 1 8 2 8 x 10-丄 4 1 . 5233 X 10~ ' 2 
Table 7.13: Parameter values of the equivalent circuit 1L (lossy metal strip) 
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r 
1 • 
that when all the transmission line parameters are considered, the value of the 
conductance per unit length is too large to represent the dielectric loss. On the 
other hand, when the conductor loss is considered only, the value of the resistance 
per unit length is too small to represent the conductor loss. The reason is that 
part of the signal wave is reflected at the junction of the right-angled bend and 
$ . • 
consequently the propagation is reduced. Therefore, from Eq. 5.16，either G is 
increased or R is reduced so as to satisfy this condition. 
When the TEM lines are assumed lossless, the values of the transmission 
line parameters (Li and Ci) are found reasonable. It seems that all the loss 
and dispersive effect is modelled by the lumped capacitor. Table 7.14 records 
the corresponding percentage error of the scattering parameters and Fig. 7.3 
shows the matching result. From the magnitude plots of s 2 1 , it is seen that 
the curve of the equivalent circuit is above that of the right-angled bend，which 
means that the equivalent circuit lower-estimates the loss in the right-angled 
bend. However, Circuit 1L can be used to model the 90° bend when 10% error 
is tolerable (Table 7.14), 
^ = i.o II sn 丨 s21 j s2i 
err 丨丨 8 .3391 | 1 ,2405 | 7 .4766 
Table 7.14: Percentage error between the simulated and calculated scattering pa-
rameters from circuit 1L, (lossy metal strip) 
There is no modelling result for the non-TEM approximation because the 
value of the lumped capacitor is found to be negative no matter how the initial 
guess is changed during the optimization, So, if Circuit 1L is needed to model 
the lossy metal strip right-angled bend, the TEM model is only the choice. 
j Circuit 2L 
For the optimization results of Circuit 2L, there are similar phenomena as in 
I 
• I I 1' Pi 
m 
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露 § 
m 
R \ L \ G \ C \\ Ri/Qm^ Li/Hm~ l Gi/Sm- 1 C j F m - 1 
V I V I 7 I \/ II 403.72 7,1063X 10-, 2.4354 X 10-丄 1.1682x 1 0 ^ " 
" 7 7 7 " 2.4725 x l F ^ " 3.6141 X 10-^  _ ~2.2522 X 
i y y 1| - 8 .9982 X 1 0 -
;
 - 1 .5561 X 
H L U O M mm 
L/H 1 C/F 丨 err | 
"V 1 V I V I >/ II 0.18668 - 4 . 6 2 1 3 X 10:“ 9.2349x 10-:: 1.4964 X 10二 
7 0,10066~ 8.7483 xlO-u 9.2906 X 10^
14
 1.3312 X 10"^  
I 7 I y / || 0 .13843 3 .6782 9 .3244 X 1 0 ~
1 4
 1 ,5242 X 1 0 ^ 
i. 
Tab le 7.15: Parameter values of the equivalent circuit 2L (lossy metal strip) 
Circuit 1L. When the conductor and dielectric loss are considered in modelling 
I； 
the microstrip lines, negative value of the lumped inductor is even obtained. 
From Table 7.15, it is seen that Circuit 2L can only model the right-angled 
bend reasonably and practically when the TEM lines are treated as lossless lines 
and the loss as well as dispersive effect are modelled by the lumped inductors 
and capacitor. Table 7.16 shows the percentage error of the scattering param-
eters and Fig. 7.4 the matching result. It is seen that both the performance of 
Circuit 1L and 2L are nearly the same (lower-estimating the loss of the right-
angled bend). So either Circuit 1L and 2L can be used to model the right-angled 
bend when 10% error is allowed. 
飞 gsl.O || Sn 2^1 S22 
err || 8 .3466 | 1 .2409 | 7 . 4851~ 
I 
Tab le 7.16: Percentage error between the simulated and calculated scattering pa-
rameters from circuit 2L, (lossy metal strip) 
By comparing the performance with the equivalent circuit using non-TEM 
lines, it is seen that the non-TEM line model is better in modelling than the 
TEM approximation. This can be observed from the percentage error of the 
scattering parameters (Table 6.11 and 7.16). So，when the metal strip has a 
finite conductivity and Circuit 2L is chosen, the non-TEM model is the choice. 
I I I 
I 
m. m f 
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1 m . 
I i 
Circuit 3L and 4L 
I 
It is found that the equivalent circuits with purely distributed element are not 
able to model the right-angled bend. The optimization results either negative 
I . 
parameter values (no matter trying different initial guesses) or the values which 
cannot represent the loss (either too large or too small in values of R or L). 
I 




fi 丨 L j G 丨 <7 || Rx/am- 1 L J H r n - ' G^JSm-、 C“Fm一 1 l“mr^ 
\/ \ V \ V \ V \\ 556 .96 5 .0326 X 1 0 ^ —1.1649 X 10—1 I 1 . 0 5 2 6 x 1 0 — u O. lOOlT" 
~ 7 7 丁 9 3 . 5 1 5 4 . 1 3 0 1 X 10~ Y - ' 1 .8157 X l 0 ~ i u 0 . 12629 
j V j y j! 一 4 .8024 X 1 0 ~ i a - - 3 . 0 3 6 0 X 1 0 " 1 U 0 .10036 
H j L I G j C || R2/nm—丄 I^JHmT1 G2/Sm-1 C2IFm~l /2/mm 
\ V \ V \\ - 2 2 9 . 9 8 3 . 1 4 3 2 7 x 10— 1.7189 X 1 0
- 1
 2 ,4465 X 1 0 - 川 0 .48584 
~~7 丁 Q.7924 X 10~V ~"3：4143 X 10~' ‘ - 2.2693 X ~0-41851 
7 | ~ 7 II — 4 .5777 X 1Q-
Y
 - 3 .5025 X 10—
i U
 0 .5646 
R \ L \ G \ C \\ err 
~ 7 7 7 ~ ~ V 1 . 4732X 1 0 不 
~ 7 1 . 5 3 5 4 X 1 0 - 2 
1 / y 11 1 .4337 X 1 0 - 厂 
I 
Table 7.17: Parameter values of the equivalent circuit 3L (lossy metal strip) 
7.2 T-Junction , 
Same equivalent circuits (Fig. 5.4) are used to test whether TEM lines can be 
used to model the T-junction with frequency beyond 20GHz. As in the case of 
the right-angled bend，the circuit can model the T-junction only when the TEM 
S lines are lossless. 
[ 
I： I 
7-2.1 Without Conductor Loss 
I 
i' # 
This section records the optimization results when the metal strip is a perfect 
I . , • 
metal. So there are only three transmission line parameters (丄，G, and C) in 




I m , 
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I 叛 
R \ L \ G \ C 1| 一 j 和/H^T1 G^/Sm-1 Ci/Fm^1 hfmrn^ 
I >/ 丨 丨 7 II 672 .11 5 .6561 X 10—7 - 1 . 2 5 7 6 X 10—1 1 .0583 X 10一 = 0 .080960 
" 7 7 丁 133.96 4.2649 X 10~Y 一 1.7612 X 0.084309 
j 丨 j 丨 y || - 2.3433 X 10—12 - -4.9797 x 10—0.093967 
R \ L \ G \ C \\ R2/nm~1 L^HmT� G2/Sm一丄 C2/Fm-L l2Jmx^ 
a / j V 丨 I II - 3 6 . 3 9 4 2 .8930 X 1 0_ Y 2 .2552 X 10一1 2 .3398 0 .099127 




 - 2.1117x10^" 0.095144 
j y j 1/ II — 2.3433 X 10—口 - 2.3590 X 10~Y 0.10853 
：舊 
fi 1 L I G 1 C || Rs/nm-1 L3/Hm-1 G“Sm-1 C^/Fm—1 l3/m^ 
I y [ y || - 2 4 . 3 9 3 3 ,1964 x I Q '
7
 1 .0018 X 1 Q -
1
 2 .3458 X 1 0 —
u
 0 .32604 
" 7 7 丁 42.998~ 3.4009 X 10~Y _ T.2668xl0~^" 0.31288 
y j〉 | | - 5.0842 X 10~Y - 3.6654 X 10~1U 0.40789 
R \ L \ G \ C \\ err 
y/ V 1-4724 X 10^ 
~7~~7" y/ 1.5264X 10-2 
I y / y / II 1 . 4 4 5 5 X 1 0 — 
1 
I' 
Tab le 7.18: Parameter values of the equivalent circuit 4L (lossy metal strip) 
I. 
• I I 
the T-junction. However, it is found that the values of the conductance per unit 
length is too large to represent the substrate dielectric loss. As the alumina 
substrate is a low loss material, so we neglect G in the TEM line model. It is 
found that the parameter values of these equivalent circuits are reasonable and 
I , 
comparable to those calculated from the equivalent circuits with non-TEM lines. 
P： 




告 Lx/Hm-1 Gj/Sm-1 Cx/Fm~l L2fHm-\ Ga/Sm—1 C2/Fm-1 
0.2 ~5716 X 10-^ 6.2147 X 10~
14
 ~§.5476 X 10-"^ 1.5835 X 10-: 6.1602 X 10~
14
 5.4999 X 10"^ 
~ Q A ~ 2 .4833 x 1 0 - , 一 3 .6172 X 1 0 ~ 1 4 3 .2649 X 1 0 - 二 2 .5049 X 1 0 - ; T 5 7 9 9 X 1 0 - : : 3 .2320 X 
~ 0 6 ~ 3 .1553 X 10~
Y
 2 .7111 X 1 0 -
1 4
 2 .4639 X 1 0 - : 『 3 . 1 8 9 6 X 1 0 二 2 .6758 X 1 0 - 1 厂 2 ,4326 X 1 0 - 二 
3 . 6 7 0 8 x 1 0 ~ Y 2 . 2 5 5 2 X 1 0 ~ i 4 “ 2 . 0 5 9 3 X 1 0 — 川 3 . 7 3 4 9 X 1 0 一 ( 2 , 2 0 8 0 X 2 . 0 1 7 4 X 10~|
u
~ 
" T O 4 . 0 6 5 8 X 10~
Y
 1 .9895 X 1 0 ~
1 4
 1 .8229 X 1 C T
1 U
4 . 1 7 1 4 X 1 0 "
Y
 1 .9276 X 1 0 ~
1 4
 1 .7678 X 1 0 ~
1 U 
_ _ 3 
Table 7.19: LGC values of the equivalent circuit 2T by using the non-TEM mi-
crostrip line model 
I 
Refer to Table 7.20, it is again seen that the values of the conductance per 
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L“Hm-A G“Sm-1 C /^Fm 一 1 h/mm L2fHm_l 
1 . 5 5 4 8 X 1 0 ~
7
 2 . 3 6 9 2 X I O —
2
 5 . 6 1 6 3 X 10—川 1 . 3 5 5 2 1 . 5 4 5 0 x 10—广 
0 , 4 2>4434 X 1 0 ^ 6 . 8 5 7 9 X 1 0 ~
u
 ~ 3 . 3 2 3 1 X 1 0 " ^ 1 . 360T ” 2 , 4 8 4 3 X 1 0 ^ 
3 . 0 1 4 3 X 1 Q ~ V 5 . 8 6 6 7 X 2 . 4 6 7 2 X 1 0 ~ i U 1 . 3 9 7 0 3 . 1 3 2 4 X 1 0 ~ 7 
3 . 5 5 1 8 x 1 0 - 厂 7 . 0 8 5 5 X 2 . 1 1 7 1 x 1 0 ~ 1 U 1 . 3 7 6 7 4 . 0 3 7 8 X 1 0 — 
" T o 3 . 9 7 1 2 x 1 0 ~
Y
 2 . 8 4 3 5 X 1 . 9 0 5 1 X 1 0 _
1 U
 1 . 3 6 7 1 4 . 1 7 1 7 X 1 0 ^ 
G2/Sm-1 ChlFmr1 l2/vnm C/F | err 
~0：2 2 . 2 7 1 7 X 1 0 - 5 5 . 5 0 8 7 X 1 0 ~ 1 U 1 . 2 5 7 8 1 . 1 3 8 4 x 1 0 — ” 6 . 7 8 1 2 x 1 0 — 
~QA~ 1.058 X "3.3093 X 10~
10
 1.2059 1.4917 x 10~
14
7.9285 X 10^ 
3 , 1 9 0 1 X 1 0 ^ 2 . 5 0 7 1 X 1 0 —
u
 " 1 . 1 8 8 9 7 . 4 7 9 2 X 1 0 "
i a
 1 . 1 3 3 0 X 
I 1 . 2 3 3 4 X 1 0 -
f
 2 .3D44 X 1 0 ~
1 U
~ 1 . 0 6 2 4 4 . 7 1 2 1 X 1 0 — 1 >3631 X 1 0 " ^ 
"TO 3.9158 X 10-^ 1,8796x 10—。 1.1156 6.7778 X 10~ia 1.8682 X 10一厂 
Table 7.20: Parameter values of the equivalent circuit 2T (lossless metal strip and 
G being considered) 
The reason is the same as given for the equivalent circuits modelling the right-
angled bend. So Circuit 2T is not suitable to model the T-junction when G is 
taken into account m the TEM line model. 
Lx/Hm-1 CVFm 一1 hi mm L2/Hm~1 
1 . 5 4 8 7 X 1 0 ~
Y
 5 . 5 9 4 9 X 1 0 - 二 1 . 3 6 0 3 1 . 5 4 3 2 X 1 0 : r r " 
0 , 4 2 . 3 7 9 9 x 1 0 - Y ~ ^ 2 4 5 9 X 1 0 - 二 1 , 3 9 4 7 _ 2 . 4 8 5 6 X 1 0 " 7 
0 , 6 3 . 0 4 6 1 X 1 0 -
7
 2 . 4 9 3 7 X 1 0 ~
x u
 “ 1 . 3 8 2 1 3 . 0 7 2 8 X l t P ^ " 
0 . 8 3 . 4 7 9 7 X 1 0 ~ Y 2 . 0 7 4 1 X 1 0 — [ 1 . 4 0 5 8 ~ 4 . 0 9 8 4 X 1 0 " ^ 
1 , 0 3 . 9 7 8 7 X 1 0 ~ f 1 . 9 0 8 5 X 1 0 ~ I U 1 . 3 6 4 7 4 . 8 5 6 5 X 1 0 ~ Y 
Ca/FmT 1 h/mm C/F err 
~Q.2 5 . 5 0 2 2 X 1 0 ~
1 U
 1 . 2594 1 1 . 1 3 8 7 x 1 。 - ” 6 , 7 8 4 9 X 
0 . 4 3 . 3 2 9 9 X 1 0 ~ 1 U 1 . 2 0 4 2 — 1 . 2 9 1 4 X 1 0 _ : 4 7 . 9 4 6 4 X X 0 ~ 3 
0 . 6 2 . 4 5 5 5 X 10一 1 u “ 1 . 2 1 2 9 7 . 6 5 2 2 X 1 . 0 9 8 9 X \ 0 ~ z 
0 . 8 2 . 3 3 5 1 X 1 0 ~ i U 1 . 0 4 5 6 4 . 8 7 7 6 X 1 0 - ^ 1 . 3 4 7 2 X 
1.Q 2 . 1 8 8 1 X 10—
1 U
 “ 0 . 9 5 8 2 9 6 . 7 4 6 4 X 1 0 一 1 5 1 . 8 5 9 9 X 
Table 7.21: Parameter values of the equivalent circuit 2T (lossless metal strip and 
G not being considered) 
When the TEM lines in Circuit 2T are assumed lossless, the transmission 
line parameters are found comparable to those from non-TEM lines (Table 7.19 
and 7.21). Besides, from Table 6.12 and 7.21, it is seen that the values of the 
lumped capacitors of the TEM model is greater than those of the non-TEM 
model. The reason may be that the dielectric loss and the dispersive effect is 
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compensated by the lumped capacitor in the TEM model. So it is concluded 
that Circuit 2T with lossless TEM lines can model the T-junction with frequency 
beyond 20GHz. Table 7.22 records its percentage error of scattering parameters. 
^ 511 £12 £2a S22 s23 s33 
Q.2 || 0 , 54338 0 . 73366 0 , 5 4 4 6 7 1 .1910 0 . 43911 
I ' 0 .4 ~ E I 8 7 1 0 . 79127 0 . 82035 0 . 6 3 6 2 ~ 0 . 6 1 8 3 7 ~ 0 .95352 — 
1 . 8 8 4 5 ~ 1 .0972 1 .1356 ~ 0 . 82869 0 . 8 2 7 1 7 • 1 .0156 
~ 0 8 ~ 1 . 9 2 3 T " 1 .4992 1 .5455— 1 .1608 0 . 87901 “ 0 . 68299 
~ 1 . 0 || 3 . 0956 2 . 1068 1 . 9746 1 .8550 1 . 0407 0 . 8 5 8 4 1 
Table 7.22: Percentage error between the simulated and calculated scattering pa-
rameters from circuit 2T, (lossless metal strip) 
Unlike the performance result of the right-angled bend, the performance of 
Circuit 2T with non-TEM lines is better than that with TEM lines. It can be 
verified from the relative error of the scattering parameters (Table 6.12 and 7.21). 
Fig. 7.5 shows the matching performance of the equivalent circuit. It is seen that 
the matching performance Is similar to that of the non-TEM model (Fig. 6.8). 
Therefore, it can be concluded that Circuit 2T with non-TEM lines is better 
in modelling the T-junction with perfect conductor metal strip. Note that the 
matching performance becomes worse when frequency increases. It is because 
the dispersive and mode-coupling effect increase when frequency increases and 
the single lumped capacitor is not able to model these effects. 
Circuit 3T 
告 Lj/Hm-1 Gj/Sm-1 C“Fm-1 L2/Hm-1 G^/Sm—1 C2/Fm^ _ 
0,2 1 .5463 X 1 0 ~
Y
 6 . 3 3 3 5 x 10一 1 4 5 . 6517 X 1 0 ~ 1 U 1 . 5377 x 1 0 ~ Y 6 . 3750 X 1 0 ~ 1 4 5 .6881 X 10—1U 
0.4 2 .4362 X 1 0 ~
Y
 "~3?7011 X 1 0 ~
1 4
~ 3 , 3389 X I P "
1 0
 2 . 3810 X I Q ^
7
" 3 .8038 X 1 0 ~
1 4
 “ 3 .4294 X 
0 .6 3 . 0637 x 10~
Y
 2 .8096 X 1 0 ~
1 4
~ 2 .5511 X 1 0 ~
1 U
 2 . 9059 X 1 0 ^ " 2 .9949 X 1 0 - :
4




0 .8 3 . 5663 x 10~
Y
 2 .3362 X 1 0 ~
1 4
~ 2 . 1313 X 1 0 ~
1 U
 ~ 3 . 4 0 0 6 X 1 0 ^ " 2 .4756 X 1 0 -
1 4
 “ 2 ,2551 X 1 0 二 
1 ,0 3 . 8633 X 1 0 ^
7
 2 .1184 X 1 0 ~
i O
 1 . 9377 X 1 0 ~
1 U
 3 . 2 253 X 2 .6400 X 1 0
- 1 4
 2 . 4008 X 10~
1 C J 
Table 7.23: LGC values of the equivalent circuit 3T by using the non-TEM mi-
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A h / H r n - 1 G^/Sm— 1 C^/Fm— 1 h/mm L^Hm- 1 G2 f Sm- 1 
0 . 2 1 . 5 3 7 1 X 1 0 ~
7
 5 . 5 8 9 7 X l Q " ^ 5 , 6 9 5 2 X 1 0 ~
x
" 1 . 0 2 8 4 1 . 5 2 8 8 x 1 0 — 3 . 9 3 2 3 X 1 0 一 二 
~0l2.3831 X 10_
7
 6.5999 X IP"
11
 "^3998 X 10~
w
 “ 1.010j_ 2.3530 X 10— 9.0287 x 10-
3 
2 . 9 6 6 7 X I P " 7 1 . 1 D 1 1 X l F ^ ^ e O & S X 1 0 ~ 1 U — 0 . 9 5 9 7 8 2 . 8 3 8 3 X 1 0 — Y 3 . 3 8 4 1 x 1 0 ^ 
" O S 3 . 4 0 4 7 x 1 0 — 厂 2 . 8 1 2 3 X 1 0 ^ 5 ~ 2 ^ 2 0 7 x 1 0 ~ i U “ 0 . 9 1 3 3 5 3 . 0 9 6 6 x 1 0 — 1 . 2 1 1 0 X 1 0 ~ 6 
1 . 0 3 . 7 7 6 7 X 1 0 " � 1 , 0 0 9 9 X l 0 — u 2 . 0 4 1 3 X 1 0 ~ 1 0 0 . 8 6 3 8 8 3 . 1 2 5 2 x 1 0 — 1 . 3 4 4 4 X l 0 _ 厂 
A CdFm-1 l2/mm L邮 jH L—H Geq/F en- 一 
0 . 2 5 . 9 0 5 6 X 1 0 - ^ 0 . 8 8 1 8 3 5 , 2 1 2 6 X 10—丄1 5 . 6 9 4 4 X 1CT" : 1 5 . 2 4 7 6 x 1 � - : : 1 . 0 7 3 1 x 1 0 : 1 
~ 0 l 3 . 4 4 6 8 X 1 0 - 1 0 0 . 7 9 0 0 4 " 8 . 9 5 4 0 X 1 0 ^ 1 1 1 . 0 9 4 9 X 1 Q - X U 3 . 4 8 8 1 X 8 , 9 5 1 8 x 1 0 — 3 
" 0 6 2 7919 X I P "
1 0
 0 . 6 8 6 9 8 ‘ 1 .3219 X 1 0 ~
1 U
 1 .6902 X 1 0 ~
1 U
 2 , 9 8 0 3 X 10—二 6 . 5 2 7 3 X I 0 ~ d 
" " 0 8 2 5 2 9 6 X 1 0 — 川 0 . 5 7 8 8 3 1 . 7 3 5 3 X 1 0 ~ 1 0 ~ 2 . 3 3 8 8 X 1 0 " ^ 2 . 7 3 1 4 9 5 8 1 3 X 
1 . 0 2 . 5 4 3 5 X 1 Q ~ 1 0 0 , 4 6 6 1 8 2 . 0 8 9 4 X 2 . 9 8 1 7 X 1 0 一 山 2 . 6 1 5 5 X 1 0 ~ i a 1 . 3 3 5 8 x 1 0 — 
Table 7.24: Parameter values of the equivalent circuit 3T (lossless metal strip and 
G being considered) 
From Table 7.24, it is seen that Circuit 3T cannot reasonably model the 
T-junction when the dielectric loss is included in the TEM line model. The 
conductance per unit length of the TEM lines are found too large to actually 
describe the substrate dielectric loss. When G is neglected in the TEM line 
model, the optimization results are recorded in Table 7.25. It is as expected that 
the parameter values are practical and reasonable (compared with Table 7.23) 
when the TEM lines are assumed lossless and the loss as well as the dispersive 
effect are modelled by the lumped inductors and capacitor. The percentage error 
of the scattering parameters are recorded in Table 7.26. 
Refer to Table 6.13 and 7.25, it is observed that the relative errors of the 
scattering parameters of the equivalent circuit with. non-TEM lines are smaller 
than those with TEM lines. So the non-TEM model is better to model the 
T-junction when Circuil 3T is selected. 
Fig. 7.6 shows the matching result of the TEM model. It is seen that the 
scattering parameters of Circuit 3T with TEM lines shows the same trend with 
those of the T-junction in the investigated frequency range. Besides, the match-
ing performance does not become worse when frequency increases, which shows 
I B 
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h. LdHm- 1 ChfFm- 1 hfmm L2IHm~ x C 2 / F m - 1 
. 0 . 2 1 . 5 7 5 2 x 10—
7
 5 .8288 X 1 0 ~
i U
 1 .0409 1 . 3 1 6 4 x 10—: 4 .9471 x 
—0.4 1 ,9700 X 1 0 ~
Y
 T 8 1 6 0 X 10—
i U
 1 .2105 2 .4131 X 10— 3 .6330 X 
2 .8881 X 1 0 _
7
 " ^ 5 3 5 8 X 1 Q -
1 U
 0 .98774 2 . 9 2 4 7 x 1 0 — 2 .8795 X 10—
i U 
3 ^ 3 7 4 x 1 0 ~
r
 2 .1069 X 1 0 ~
1 U
 0 .97462 3 . 6 8 6 2 X 1 0 — 2 .8617 X l Q - ^ 
~1.Q 3,1396X10—Y 1.6478 X 1Q- I U 1.1104 4 . 9 6 0 7 x 10—' 3 . 5 1 1 2 x 1 0 — » 
_ h. l2/mm L e q l / H Leq2/H C e q / F 
0,2 1 .0643 4 ,5956 X I P "
1 1
 5 .2535 X 1 Q -
1 1
 4 .8105 X 10一 = 5 .7494 X 1 0 二 
0.4 0.7638r 9.1370 xlQ-
11
 "Tl026 X 1Q-
1U
 3.5345 X 10—二 5.2274x 10— 
~ 0 . 6 0 . 66580~ L 3 1 6 6 X 1 0 —
u
 " T 6 9 1 8 X 1 0 ~
1 0
 _ 2 .9760 X 6 . 4628 X 1 0 二 
0.8 0 .52234 1 .6859 X 1 0 ~
i U
 2 .2244 X 1 0 — 『 2 . 6 7 5 8 X 10一二 ~8：6463 X “ 
1.0 0 ,34970 1 .8856 X 1 0 "
i U
 2 , 7429 X 1 0 ~
1 U
 2 .4613 X 1 0 ~
i a
 1 .1734 X l O ^ f 
Table 7.25: Parameter values of the equivalent circuit 3T (lossless metal strip and 
G not being considered) 
:「齋：::: Sli S12 S23 S22 »23 沒33 
0.2 || 0 . 72918 0 . 44378 0 .33155 1 .1868 0 .28782 1 .2160 
1 .0151 0 .27455 ~0^20857 " 0 9 9 6 0 5 0 .22110 1 .1849 
~0~6 1 .2792 " 0 . 2 7 3 3 0 " 5 . 3 3 7 9 9 1 .3610 飞 3 0 7 6 3 "T72780 
- 1 .4755 " 0 . 4 3 8 4 2 ~0 . 65762 ~ 1 . 9 4 3 9 0 . 40577 ~T~4718 
1,0 1.9090 ""0.83092 0 .78266 一2,3783 0 ,63900 飞 1518 
Table 7.26: Percentage error between the simulated and calculated scattering pa-
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that the lumped inductor-capacitor network is able to model the increasing dis-
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 1 . 5 1 7 0 X 1 0 ~
Y
 6 . 4 7 6 7 x 1 0 — ” 
~0A2.4887 x 10~
V
 3.6079 X 1 0 ^ 3 ^ 5 6 7 X iO~
iU
 2.4354x 10— 3.7024 X 10^ 
~063.1612 x 1Q一厂 2 .7050 X 2.4584 X 1 0 ~ i U ~ 3 . 1 2 0 4 X 10" 2 .7479 X 
" O S 3 . 6 7 3 1 X 1 0 -
Y
 — 2.2535 X I Q "
1 4
 2 .0578 X 1 0 ~
1 U
 3 . 6497 X 1 0 一 ‘ 2 . 2 7 1 2 X 1 0 - 1 4 
T 0 | 4.068S X IP"
7
 1.9878 X 10~
14
 1.8215 X 10^° 4.0399x 10— 2.0052 X 10一14 
告 C2/Fm-1 L3/Hm~l G^/Sm.-1 Cs/FrnT^^ 
0.2 5.7771 x 10』1.5829 X IP"r 6.1627x 10—:: 5.5021 X 10-二 
~QA~~O401 X . 2.5016 X 10— 3.5856 x 10—: 3,2371 X 10~
iU 
~06""”2.4965 X 1 0 " ^ 3,1862 X 10~
Y
 2 .6794 X 2 .4357 X 1 0 " ' " 
2 . 0 7 3 5 X 1 0 - 1 ^ 3 . 7 3 3 8 X 1 0 ~ Y 2 . 2 0 8 8 X 1 0 — ^ 2 . 0 1 8 1 X 1 0 " ^ 
~X0~ 1.8369 X 10^
1
° 4.1703 X 10~
Y
 1.9282 X 10—h 1.7684 X 10~
iU 
Table 7.27: LGC values of the equivalent circuit 4T by using the non-TEM mi-
crostrip line model 
/Hm—1 Gi/Sm-1 Ch/Fm-1 hfrn^T 
~0 .2 1 .5646X 10— 3.4975 x 1 0 — 5.6025 X 1 0 _ :
u
 1 .2161 
~0A~ 2>4284 X 10~
Y
 7.100 X 3.2900 X 10~|
u
 ~OB8861 
—0.6 3,0582 X 10~
Y
 7.5170 X 10"^  2.4878 X 10~|
u
 ~080593 
~0 . 8 4 .3034 X 10~ ( ~2^0903 X 10—a 2 .5636 X 1 0 ~ | u 0 .82562~ 
—1.0 3.3886 X 10~
Y
 1.T827 X 10~
5
 1.60Q5 X 1Q~
10
 0.63642 
— 告 L 2 / H m - 2 G 2 / S m ~ 2 C 2 / F m - 2 l 2 / m m 
0,2 1 .4862 X 10~
Y
 4 .9257 X 5 .5788 X 1 0 ~
1 U
 1,4062 
0,4 2 .3871 X 1 0
- Y
 - 4 .5837 X 1 0 ~
a
 3 .3874 X 0 .48813 
0.6 3 . 0 9 9 4 X 1 0 — “ 7 .7264X 1 0 二 2 .6108 X 1 0 - : u 一 0 .56481 
3 .2665 X 10 -， 2 .4175 X 2 .0103 X "5740889 
"T0~ 4.3649 X 10~
Y
 6.5620 X 10"^  2.1480 X 10~
1U
 0.75147 . 
A I^fHm-3 G 3 / S m 一 3 C 3 / F m ~ 3 h/mm err 
0.2 1 .5708 X 10~
Y
 5 .5821 X 10— 5.6702 X 1 0 ~ | " 1 .2345 1 . 0 0 5 0 x 10— 
~ q X " 2,4992 X l O "
7
^ " 6 . 6 0 2 2 x 10-二 ~373644 X 1 0 " i U 1 .1969 “ 7.7706 X 10二 
S. 1240 X 10~
Y
~ 6.0081 X 10~
a
 2.5061 X 10~
10
 . 1.1914 ~1.0773 X 10"^ 
3.8092 X 10~
Y
 1 .2735 X l O "
1
 2 , 1747 x 1 ,1264 1.3365 X 10— 
1.0 3.6952 X 1Q~
Y
 1.8149 X 10_'厂 j 1,6742 X 10~iU 1.2578 1.8153 X 10"^  . 
Tab le 7.28: Parameter values of the equivalent circuit 4T (lossless metal strip and 
G being considered) 
As in other equivalent circuits to model the T-junction, the values of the 
conductance per unit length of the TEM lines in Circuit 4T are too large to 
I 
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Figure 7.6: 5 parameters difference between simulation and circuit 3T (lossless 
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describe the dielectric loss in the substrate (Table 7.28). On the other hand, 
Circuit 4T with lossless TEM lines can model the T-junction because the pa-
rameter values are in the same order of magnitude of the equivalent circuit with 
non-TEM lines (see Table 7.27 and Table 7.29). 
告 “//fm 一1 (h/Fm-1 h/mm L^Hm-1 02lFm_\_^ 
0 , 2 2,1608x 1 0 — 7 , 6 8 4 4 X 1 0 ~ i U 0 . 2 9 0 9 1 8 . 4 2 3 5 X 3 . 0 8 5 1 X 1 0 一 二 
~ Q A ~ 2 , 3 0 1 5 X 1 0 - ' 7 3 , 1 1 6 5 X 1 0 - 川 — 0 . 8 4 2 8 7 2 . 3 4 0 8 x 1 0 — 3 . 3 1 3 8 X 1 0 ~ | » 
5 . 4 2 1 5 X 1 0 ~ V 4 . 2 1 3 S X lO~
i0
~ 0 , 1 3 0 1 7 1 . 4 2 2 8 x 1 0 — ； 1 . 1 8 5 0 X 
0 . 8 3 . 3 5 4 9 X 1 Q -
Y
 ~ 9 8 5 6 X I P '
1
" 0 . 6 9 4 1 8 3 . 8 4 0 7 x 1 0 — 2 . 3 3 1 9 X 1 0 一 二 
1 . 0 4 , 0 0 6 2 X 1 0 ~
Y
 1 . 9 0 8 6 X 1 0 "
l u
 0 . 8 9 2 7 1 3 . 9 8 1 9 X 1 0 ~
Y
 1 . 9 6 7 8 X 1 0 "
i U 
佘 Z2/mm LUHm- 1 C z / F m - 1 h/mm err 
1 . 7 5 7 7 7 . 2 4 4 3 X 1 0 ~
8
 2 . 5 8 9 8 X 1 0 ~
i U
 2 . 6 7 9 6 6 . 5 6 6 4 X 
~0T" 0.59059 ~2：5208 x 10~' 3.3884 X 1.1865 7.2602 X 10〜 
" 0 6 ~ ~ 2 . 4 6 9 5 1 . 5 4 1 2 X 1 0 — 1 . 2 3 7 1 x 1 0 " ^ 2 . 4 1 5 3 “ 1 . 0 2 2 1 X 
0 . 8 0 . 6 6 8 3 0 — 3 . 5 8 6 8 X 1 0 一 7 2 . 0 4 9 4 X 1 0 ^ " — 1 . 1 9 4 0 1 . 3 1 6 5 X 
" T O " 0 . 4 6 6 0 9 4 . 0 3 1 3 X I P "
7
 1 . 8 3 6 0 X 1 0 一 四 1 . 1 5 2 0 1 . 9 0 4 6 X 
ft 
Table 7.29: Parameter values of the equivalent circuit 4T (lossless metal strip and 
G not being considered) 
It is a little bit surprised that the equivalent circuit with purely TEM lines 
can model the T-junction. The reason may be that the discontinuity effect 
at the joint of the T-junction is modelled by connecting one end of the three 
TEM lines together, which is contrary to the right-angled bend that the bend 
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 s
33 
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0.6 — 1.5364 —1.0652
 —
1.1006 飞59005 ~0?83156 0.85441 
0 . 8 1 . 7 7 0 4 1 . 4 8 5 0 — 1 . 5 2 1 4 ~ . Q 5 5 3 0 . 8 9 1 7 4 ~ 0 6 5 7 6 9 
" T o 3.0755 2.1063 2.0255 2.1395 1.1405 0.79408 _ _ _ _ _ _ _ _ _ _ _ _ _ _ 
Table 7.30: Percentage error between the simulated and calculated scattering pa-
rameters from circuit 4T, (lossless metal strip) 
By comparing the relative errors of the scattering parameters with those from 





Chapter 1 Modelling Performance Using TEM Approximation 104 
霧. 
comparable. Therefore, if Circuit 4T is selected to model the T-junction, both 
TEM and non-TEM model can be used. 
Fig. 7.7 shows the plots of the scattering parameters of the equivalent circuit. 
It is seen that the scattering parameters mismatch when frequency increases 
because the dispersive and mode-coupling effect increase and the TEM lines 
cannot model these effects. 
7.2.2 With Conductor Loss 
As similar as the analysis of the right-angled bend, the same three cases are 
I 
adopted to analyze the T-junction. The first case is that the microstrip line 
model includes both the conductor and dielectric loss. The second case is that f 
the line model considers only the conductor loss and the dielectric loss is ne-
glected (or modelled by the lumped element). The last case is to assume the 
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Y
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Table 7.31: Parameter values of the equivalent circuit IT (lossy metal strip) 




when the TEM lines are treated as lossless lines. For this case, the parameter 
values are in their typical range. It is because the discontinuity junction is 
I _ 
modelled by connecting one end of the three transmission lines together and 
not modelled by a transmission line (not the case of right-angled bend, see 
I 
• I • ^M • • I
醒.， 
f 
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Circuit 3L and 4L). So the parameter values are in their typical range even the 
TEM lines are lossless. When the TEM lines are lossy, optimization results 
I: , . 
in either negative values or parameter values not m their typical range. The 
I 
percentage error of the scattering parameters when the TEM lines are lossless 
I 
are recorded in Table 7.32. 
h. — 1.0 || sT\ ^12 «23 «22 ^23 g 33 
6 II I . : 
err || 6 . 0 1 1 8 | 1 . 1835 j 1 . 2588 | 5 . 5997 | 1 . 3359 5 .5734 
Table 7.32: Percentage error between the simulated and calculated scattering pa-
rameters from circuit IT, (lossy metal strip) 
The degree of fitness between the scattering parameters of the equivalent 
circuit and the T-junction is shown in Fig. 7.8. It is seen that Circuit IT lower-
estimates the loss of the T-junction especially at high frequency. This loss should 
be the conductor loss because the skin effect of the lossy metal strip increases 
with frequency. 
Refer to Table 6.21 and 7.31，the relative error of the non-TEM model is 
smaller to that of the TEM model. So, for a lossy metal strip T-junction，non-
TEM Circuit IT is the choice rather than the TEM one. 
Circuit 2T 
L-
The same phenomenon (or result) is observed as in Circuit IT . So it is 
concluded that Circuit 2T is able to model the T-junction when its TEM lines are 
lossless lines. Besides，it can be seen that Circuit 2T is better in modelling than 
Circuit IT because the percentage error from Circuit 2T is smaller (Table 7.34). 
If the TEM model is compared with the non-TEM model by their relative 
errors (Table 6.21 and 7.33), it is seen that the value of the non-TEM model is 
smaller. So, the non-TEM Circuit 2T is preferred to model the lossy metal strip 
T-junction. 
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Table 7.33: Parameter values of the equivalent circuit 2T (lossy metal strip) 
么 i = 1 . 0 | | S ^ ~ S ^ " " " S 2 3 « 2 2 « 2 3 s 3 3 
_ "I II ~~ 
err 丨| 5.0510 | 1.3541 | 1.4283 | 5.0612 | 1.3597 4.9533 
Table 7.34: Percentage error between the simulated and calculated scattering pa-
rameters from circuit 2T, (lossy metal strip) 
Fig. 7.9 shows the degree of fitness of the scattering parameters. It is observed 
again that Circuit 2T lower-estimates the conductor loss of the T-junction. 
Circuit 3T 
From Table 7.35, it can be concluded that Circuit 3T can model the T-junction 
when the TEM lines are treated as lossless lines and the dispersive and loss effect 
are modelled by the lumped elements. From Chapter 6, there is no modelling 
result of T-junction with lossy metal strip. It is because negative parameter val-
ues are obtained no matter how the initial guess is changed. Table 7.36 records 
the percentage error of the scattering parameters. It is seen that Circuit 3T is 
usable to model the T-junction if 5% error can be tolerated. 
Since there is no modelling result of Circuit 3T with non-TEM lines, the 
TEM model is only the choice if Circuit 3T is required. Fig. 7.10 shows the 
matching performance of the scattering parameters. It is again observed that 
Circuit 3T with TEM lines still lower-estimates the loss of the T-junction. 
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y I y I V I 7 || - 1 4 4 . 4 3 7 .7403 X 1 0 -
;
 1 .5170 X I O "
1
 2 .0980 X 0 . 3 1 0 I F " 
~ 7 T ~ J J ~ ' 1 .9578 X 1 0 - ^ 2 . 4 5 6 3 X 10 - ^ - 3 .0128 x 0 .087869 
I y 丨 丨 V || - 1.3811 X 10-^  _ 3.6940 XlO-iU 0.17385 
~R~1 L \ G \ C \\ R2/nm-1 L2/Hm-L G2lSm~l C2/Fm-i l2/mm ~ 
" V T V T V T 7 1 1.6412 2 .9360 X 1 0 ^ 2 .5833 5 .6738 x 0 .069413 
— T " 7 丁 1 .6018^ 10^ 8.4353 X l F 1 ^ " 0.012196 
7 7 II — 2.1314 X 10-^  - 4.0329 X 10~
lU
 0.096331 
~ R j L 1 G j C 1| Leql/H Lea2/H CeJF e r r ~ 
V I V 丨 >/ 丨 V" II -4.2233 X IP"14 1.5544 X 10"^ 1.0453 X 10一 = 2.5484 X 
- " 7 7 7 ~ 2 . 5 7 1 6 X 1 0 — 川 1 , 9 2 9 9 X 1 0 — 厂 1 . 9 3 7 2 X 1 0 — : 4 . 0 7 3 4 X 1 0 ^ 
7 丨 丨 y || 2 . 8 1 5 3 X 1 0 - ^ 1.4389 X 1.0619 2 .5823 X 1 0 — 
Table 7.35: Parameter values of the equivalent circuit 3T (lossy metal strip) 
^ = l.g { " “ 511 I S12 I S13 I S22 «23 及3.3 
err 丨丨 5.0547 | 1.3548 丨 1.4291 | 5.0661 丨 1.3604 丨 4.958T" 
Table 7.36: Percentage error between the simulated and calculated scattering pa-
rameters from circuit 3T, (lossy metal strip) 
Circuit 4T 
Although the discontinuity region of the T-junction is modelled by connecting 
one end of the three transmission lines together, Circuit 4T cannot model the 
T-junction even when the TEM lines are lossless. From Table 7.37, it is seen 
that the second microstrip line (with length l 2 l Fig. 5.4) is very short. It shows 
that this line is an extra line which means that Circuit IT is sufficient to model 
the T-junction. 
7.3 Tapered Line 
In this section, only the result of the equivalent circuit with three sections of 
microstrip lines are recorded. Although it is so, we do try the equivalent circuits 
with different number of sections. However, the optimization results are similar 
to those with non-TEM lines. That is, the optimization leads to a N-section 
structure, where N = 4, 5, 7’ 10，and 20, with the width of the middle section(s) 
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R \ L \ G \ C \\ Rs/nm" 1 Lz/HmT 1 Gs/Sm— 1 C h / F m - 1 h/mm err 
� / 丨 � / 丨 丨 7 II -62.004 5.7510 X 10~7 1.2933 1.0785 X 10~iU 0.35787 2.5460 X 10^ 
—T"/ 7 4000 4.6075 X 10-v - "1-5728 X 1Q~1U 0.40746 "^963 X 10— 
7 — 4 . 8243 X 10一7 - 1 .4205 X 10一川 0 . 41712 2 . 4 2 4 6 X 1 0 ~ z 
T a b l e 7 .37: Parameter values of the equivalent circuit 4T (lossy metal strip) 
being narrower than the two end sections. So they are not physical to model 
the tapered line. 
7.3.1 Without Conductor Loss 
Lx/Hm-1 丨 G^/Sm-丄 丨 q/Fm-1 丨 L2/ij~m— | G2/Sm-L 
7.2125 X I P " 7 1 9.8739 X 1 0 ~ i a | 9.3979 X I P " 1 1 | 4.4946 X 10~Y | 1.7605 X lQ-" 1^" 
—C2/Fm-1 丨 LzlHm-1 丨 G^/Sm— | C“Fm-�= 
~1.6193 X 10~1U I 4.1832 X 10-7 | 1.9224 X 10~14 | 1,7355 X 10~iU | 
Tab l e 7.38: LGC values of the equivalent circuit I t by using the non-TEM microstrip 
line model 
" X T ^ C |1 Lx/Hm-1 / Sm-1 (h/Fm_� hfmm 
y/ \ y/ \ y/ \\ 7.1240 x 10~Y 4,1987 X 10— 9.3617 X 10-) ： 0.094812 
y II 6 . 2 7 1 6 X 1 0 —
Y
 - 8 . 8750 X I P "
1 1
 0 .076822 
~L~[ G 丨 C II L2/Hm_l 1 G2/Sm-1 C2/Fm-1 hi爪爪 
I y I y II 4.7142 X 10~Y 9.7341 X 10~5 1.6183 X IP"1" 0.22970 
丁 5 .6931 X 10~ Y - 1 .7290 X 1 0 ~ i U 0 . 30899 
—L 丨 G I C1 |j L3/Hm-1 G3/Sm-1 C3/Fm^ h/mm err 
y j y I ^ || 3 . 9 6 8 6 X 1 0 -
Y
 1 ,9682 X 1 0 ~
b
 1 .7385 X 1 0 - 二 0 . 12581 5 .7873 X 1 0 二 
~ 7 丁 1 ,3615 X - 1 .3235 x 1 0 ~ i U 0 . 059700 5 .6896 X 1 0 1 ^ 
T ab l e 7.39: Parameter values of the equivalent circuit I t (lossless metal strip) 
As the previous work does, the optimization is carried out for firstly in-
cluding the dielectric loss in the equivalent circuit and then not considering it. 
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Table 7.39 records the optimization results. It is as expected that the optimiza-
tion result which considers G in Eq. 5.16 is not physical to model the tapered 
line because their values are too large to describe the actual dielectric loss in the 
substrate. On the other hand, when G is not taken into account in Eq. 5.16, the 
transmission line parameters are found comparable to those from non-TEM line 
model (Table 7.38). Moreover, the percentage error of the scattering parameters 
are all within 2% (Table 7.40), so it can be concluded that the 3-section lossless 
TEM line model can model the tapered line. 
.厂 . t t r，100/xm I s n | ^21 1  s22 
fCTrcuit I t : err/% | 1.0604 | 0.21351 | 1.1570 | 
Table 7.40: Percentage error between the simulated and calculated scattering pa-
rameters (lossless metal strip) 
Fig. 7.11 shows the degree of fitness between the scattering parameters of 
Circuit It and those of the tapered line. It is seen that the plots are nearly the 
same as those of the non-TEM model (Fig. 6.13) because their matching results 
are very close (Table 6.23 and 7.40). Therefore, both TEM and non-TEM model 
can be used to approximate the 20% perfect conductor metal strip tapered line. 
7.3.2 With Conductor Loss 
Since the non-TEM line model even cannot model the tapered line with 
conductor loss, it is expected that the TEM line model cannot as well. Table 7.41 
shows the optimization results. It is seen that either negative parameter values 
are obtained or the parameter values are not in their reasonable range in the 
three cases. 
7.4 Summary 
The equivalent circuits with TEM lines have been used to match the microstrip 
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Table 7.41: Parameter values of the equivalent circuit It (lossy metal strip) 
discontinuities through the scattering parameters. Several conclusions are drawn: 
• For the right-angled bend with perfect conductor as the metal strip, it 
is found that the TEM model plus a lumped circuit is quite adequate to 
model the bend. 
• For all other cases, i.e., the right-angled bend with finite conductivity 
metal strip and the T-junction as well as tapered line with either infinite 
or finite conductivity metal strip, the non-TEM model is better to model 
the microstrip discontinuities. Although it is so, the equivalent circuits 
with TEM lines are adequate to model the three microstrip discontinu-
ities (if there exists) within 10% in error for frequency up to 25GHz. In 




The lumped equivalent circuits, which mainly consist of inductors and capaci-
tors, have been shown in both [JY92] and In Chapter 4 that they are inadequate 
in modelling the microstrip discontinuities with the signal having picosecond 
rise time. In this thesis, we have proposed several equivalent circuits to model 
the three types of microstrip discontinuities: right-angled bend, T-junction, and 
tapered line. It has been shown in Chapters 6 and 7 that these equivalent cir-
cuits are able to model the microstrip discontinuities with wideband frequency 
spectrum (The maximum frequency being used is up to 25GHz). 
The equivalent circuits basically consist of distributed and/or lumped circuit 
element, so it is necessary to find a good equivalent circuit to model a uniform 
microstrip line. After several trial and error，the equivalent model shown in sec-
tion 5.1 has been adopted. By using this model，the performance of the proposed 
equivalent circuits are good. The relative errors of the scattering parameters 
between the microstrip discontinuities and the corresponding equivalent circuits 
are found to be less than 10%, which is tolerable from the engineering point of 
view. So these equivalent circuits can be used in CAD designing tools to help 
reduce the VLSI design and simulation time. 
Besides using the non-TEM lines in the wideband equivalent circuits to model 
the microstrip discontinuities, TEM lines have also been used to do the mod-
elling. It is found that in most cases they are able to model the microstrip 
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discontinuities. However, the performance is worse than the non-TEM model's 
in general. Although it is so, the equivalent circuits with TEM lines are still 
preferred because these models can easily be included into some existing CAD 
packages such as SPICE (In SPICE, only transmission lines with constant RLGC 
values are accepted.). 
The research project consists of two stages. The first stage is to use the HFSS 
software to calculate the scattering parameters of the microstrip junctions. The 
software employs the finite element method to solve the field distribution inside 
the geometry. It is experienced that it takes very long time for the software 
to calculate a set of scattering parameters of a given geometry. So full wave 
analysis is not suitable in the engineering design except that the exact solution 
is needed. Our approach (finding equivalent models) is one of the choices and 
the results obtained are acceptable in the engineering sense. 
The second stage is to find the wideband equivalent circuits to model the 
microstrip junctions by using some numerical optimization technique. Since the 
method is a purely numerical approach, the optimization results may not give 
any physical meaning. For example, negative values of the circuit parameters 
may result during minimizing the cost function. Moreover, the parameter values 
may not be practical. For instance, the width of the metal strip of the right-
angled bend is 250/im but that of the equivalent circuit may be found to be some 
tens times larger. All of these abnormal phenomena may be due to the cost 
function being trapped into a local minimum
1
 or the initial guess being wrongly 
estimated. The latter problem can be solved by trying different initial guesses. 
The former problem may not be easy to solve because the Least-Marquardt 
algorithm does not ensure to find a global minimum. So the numerical results 
can be adopted only when they are comparable to the physical dimension of the 
geometry or the typical values. 
!lt is experienced that the cost functions of some equivalent circuits seem to have many 
nearly same-valued local minima (like a plateau) so that the optimization is difficult to perform. 
Chapter 8 Conclusion 1 烈 
In this thesis, we have just shown that the wideband equivalent circuits are 
able to model the three microstrip junctions with picosecond rise time signal 
To make these wideband equivalent circuits more applicable, prototypes of the 
microstrip discontinuities, the usual material used in the VLSI design, and dif-
ferent geometries of the microstrip discontinuities should be made to obtain their 
scattering parameters. Then the optimization is done with these scattering pa-
rameters. The found parameter values of the equivalent circuits can be stored 
as a lookup table in some CAD designing tools with the design rules of the mi-
crostrip discontinuities，so that they can be easily called for later use. This is 
one of the future directions in continuing the research. 
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